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SOMMAIRE 
Les connaIssances scientifiques sont peu élaborées quant au traitement et au 
diagnostic du traumatisme craniocérébral (TCC), et ce, particulièrement lorsque la 
récupération perdure au-delà de la période initiale de redressement attendu. JI est 
impératif d ' améliorer les lignes directrices pour permettre aux professionnels d ' agir de 
façon efficace et uniforme envers les patients ayant subi un TCC. Ce mémoire de maîtrise 
propose de combler les lacunes dans la littérature relativement à l' entraînement et la 
récupération chez deux populations distinctes surreprésentées dans la population ayant 
subi un TCC soit: 1) les enfants et adolescents ayant un rétablissement atypique à la suite 
d ' un TCC léger (TC CL) et; 2) les individus adultes ayant subi un TCC et échoué leur 
évaluation de conduite sur route. Ce mémoire est présenté sous forme de trois articles 
scientifiques. Une vue d ' ensemble de la problématique est présentée dans le chapitre 1. 
Une courte introduction spécifique à la population pédiatrique ainsi que le premier article 
Efficiency of an active rehabilitation intervention in a pediatrie population with atypical 
recovery following a mild traumatic brain in jury font l' objet du chapitre 2. L'objectif de 
cette étude est d ' identifier si l' ajout d ' un programme d ' activité physique améliore la 
récupération des enfants et adolescents âgés de la à 17 ans qui récupèrent de manière 
atypique suivant un TCCL. Pour ce faire, 15 participants âgés de 15,00 ± 1,69 ans ont 
reçu les soins standards en plus d ' une intervention en réadaptation active. Tous les 
participants ont rapporté avoir récupéré pleinement suivant l' intervention en réadaptation 
active. L' article 2 Driving assessment and rehabilitation using a driving simulator in 
individuals with traumatic brain in jury: a scoping review et l' article 3 Training driving 
ability in traumatic brain injured individual using a driving simulator: A case report sont 
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présentés dans le chapitre 3. Nous avons cherché à évaluer si un programme de 
réadaptation sur simulateur de conduite peut améliorer les performances de conduite des 
individus ayant subi un TCe. Dans ce sens, une revue de littérature et l' étude de cas 
d' une femme de 20 ans ont permis de démontrer que l' entraînement sur simulateur de 
conduite automobile représente une avenue thérapeutique intéressante lors de la 
réadaptation des individus ayant subi un TCC. Il est primordial d' améliorer les 
connaissances quant à la prise en charge des patients ayant subi un TCC. Ce mémoire de 
maîtrise démontre que l' entraînement est un élément clé de la réadaptation des sujets 
ayant subi un TCC. Puisque ces projets sont inspirés des activités cliniques, ceux-ci ont le 
potentiel d' influencer la pratique des intervenants en traumatologie. 
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Le traumatisme craniocérébral 
Définition. Le traumatisme craniocérébral (TCC) est défini comme une blessure 
structurelle et/ou une perturbation physiologique de la fonction cérébrale induite à la suite 
d' un traumatisme résultant d'une force externe (accélération, décélération, force rotatoire, 
etc.). Celui-ci est déterminé par l' apparition d'au moins un des signes/symptômes 
suivants (Department ofV~terans AffairslDepartment of Defense, 2009): 
1. Diminution de l'état de conscience pouvant aller jusqu'à la perte de conscience; 
2. Perte de mémoire des évènements immédiatement avant ou après l' évènement; 
3. Altération de l'état mental au moment de l'évènement (confusion, désorientation, 
étourdissements, etc.); 
4. Déficits neurologiques (faiblesse, perte d 'équilibre, changements dans la vision, 
praxis, parésie/hémiplégie, perte de sensation, aphasie, etc.) pouvant être 
transitoires; et, 
5. Lésion intracrânienne. 
Le terme TCC inclut toutes les catégories de blessures allant de l'absence 
d'anomalie visible au cerveau sur l'imagerie médicale (TCC léger) aux hématomes 
sévères lors des cas graves de lésions cérébrales (World Health Organisation, 2006). 
L' échelle de Coma de Glasgow (GCS) (Teasdale & Jennett, 1976) permettant d'estimer 
l'état de conscience d' un individu est l' index le plus souvent utilisé pour classer la 
sévérité du TCC : léger (13-15), modéré (9-12) et grave (moins de 8). D'autres critères 
tels, l' amnésie post-traumatique et la perte de conscience ont historiquement été utilisés 
comme critères de sévérité. Dans sa publication sur les troubles neurologiques, 
l'Organisme Mondial de la Santé (OMS) (2006) rapporte que 90 % des TCC sont 
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considérés comme atteintes légères alors que 3 à 5 % des cas sont classés dans la 
catégorie des TCC sévères. Il est important de noter qu ' il est possible que la sévérité des 
symptômes associés au traumatisme puisse ne pas être parfaitement corrélée à la sévérité 
telle que définie par GCS (Scottish Intercollegiate Guideline Network, 2013). Des 
évidences cliniques démontrent que le TCC peut altérer de manière significative les 
fonctions cognitives, le fonctionnement social et la performance physique ce qui interfère 
avec de nombreuses activités de la vie quotidienne (Canadian Institute for Health 
Information, 2006; Ponsford et al., 2014). En ce sens, le TCC cause des atteintes 
fonctionnelles persistantes chez la moitié des individus ayant subi un TCC léger à modéré 
et chez le trois quart des individus ayant subi un TCC sévère (Canadian Institute for 
Health Information, 2006; McMillan, Teasdale, & Stewart, 2012; Ponsford et al., 2014; 
Rutland-Brown, Langlois, Thomas, & Xi, 2006; Selassie et al., 2008; World Health 
Organisation, 2006). 
Symptomatologie. Les symptômes suivant un TCC varient en nombre et en 
intensité selon l' atteinte du sujet. Ceux-ci sont souvent catégorisés selon quatre domaines 
soit: (a) physique; (b) émotionnel; (c) cognitif; et (d) les troubles du sommeil. Les 
symptômes les plus souvent observés seront décrits dans les sections spécifiques des 
chapitres 2 et 3. 
Épidémiologie. Le traumatisme craniocérébral est le type le plus commun de 
lésions cérébrales. 11 est reconnu comme état un problème de santé majeur causant 
morbidité et mortalité dans les pays industrialisés (Canadian Institute for Health 
Information, 2006; Corrigan, 2001). L' incidence du TCC est difficile à déterminer 
puisque les individus qui ressentent peu de symptômes ou pour qui les symptômes sont 
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transitoires suivant un TCC ne consultent généralement pas de professionnels de la santé 
(Ruff, Iverson, Barth, Bush, & Broshek, 2009). Même si la prévalence de blessure à la 
tête au Canada est inconnue, des études récentes estiment l' incidence annuelle à 600 par 
100 000 habitants pour le TCCL et à 1 1,4 par 100 000 habitants pour le TCC grave 
(TCCG) (Canadian Institute for Health Information, 2007). D'avril 2003 à mars 2004, 
16811 hospitalisations consécutives à un TCC ont eu lieu au Canada. De celles-ci, 36 % 
(n = 5970) furent causées par un accident de la route (Canadian Institute for Health 
Information, 2006). Les accidents de voiture sont l' une des causes principales de TCC 
(Brown, Elovic, Kothari, Flanagan, & Kwasnica, 2008; Kelly & Becker, 2001 ; Rutland-
Brown et al. , 2006). Au Canada, les jeunes adultes (20-36 ans) sont surreprésentés dans la 
population ayant subi un TCC des suites d' un accident de voiture qui sont responsable de 
51 % (n = 1867) des TCC dans cette population (Canadian Institute for Health 
Information, 2006; Canadian Medical Association, 2012). 
Les individus ayant subi un TCC lors d'une activité sportive expérimentent plus 
souvent une forme légère du TCC, aussi appelée commotion cérébrale. Ces deux termes 
sont souvent utilisés de manière interchangeable (McCrory et al. , 2013; Ontario 
Neurotraurna Fondation, 2013). Bien que défini comme étant bénin et transitoire dans 80-
90 % des cas (résolution des symptômes en moyenne entre 7 à 10 jours), le TCCL peut 
induire des symptômes pouvant perdurer dans le temps : le syndrome postcornmotionnel 
(SPC) (OMS CIM-lO). Cette problématique suscite de plus en plus l' intérêt des 
communautés sportives, médicales et scientifiques. Des études récentes suggèrent que les 
enfants et adolescents sont plus susceptibles d'avoir une récupération prolongée suivant 
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un TCCL (Barlow et al. , 2010; McCrory et al. , 2013; 1. Ponsford et al. , 1999). Le chapitre 
2 traite plus amplement du TCCL dans cette population. 
Problématique 
Considérant que le TCC peut interférer avec de nombreuses activités de la vie 
quotidienne, une intervention en réadaptation est requise lorsque des atteintes 
fonctionnelles et des symptômes postcommotionnels persistent suivant un TCC 
(Canadian Institute for Health Information, 2006; Ponsford et al. , 2014) . La réadaptation 
postcommotionnelle est un défi pour les professionnels de la santé. Certaines 
interventions cliniques tels la médication, l' activité physique, la thérapie 
comportementale, la réadaptation cognitive et l' éducation ont démontré de l' efficacité 
dans la réadaptation des atteintes fonctionnelles et dans la réduction des symptômes 
postcommotionnels persistants chez des individus ayant subi un TCC (Cooper et al. , 
2015; Niemeier, Grafton, & Chilakamarri, 2015). Bien que leur efficacité reste 
controversée, les interventions cliniques ayant recours à l' entraînement des capacités 
cognitives ayant pour objectif la restauration de la fonction cognitive ou le 
développement de compétences fonctionnelles adaptatives démontrent des résultats 
prometteurs (Cooper et al. , 2015; Krasny-Pacini, Chevignard, & Evans, 2014; Rohling, 
Faust, Beverly, & Demakis, 2009; Tsaousides & Gordon, 2009). Considérant la diversité 
d'atteintes fonctionnelles et de symptômes postcommotionnel, il est impératif d'élaborer 
des méthodes de traitement spécifiques aux différentes problématiques rencontrées dans 
cette population. Est-ce que l' entrainement pourrait palier aux atteintes subies suite à un 
TCC et améliorer la réadaptation postcommotionnelle? 
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Ce mémoire de maîtrise propose de combler des lacunes dans la littérature 
relativement à l' entraînement et la récupération chez deux populations distinctes ayant 
subi un traumatisme craniocérébral soit: 1) les enfants et adolescents ayant un 
rétablissement atypique à la suite d' un TCC léger et; 2) les individus adultes ayant subi 
un TCC et échoué leur évaluation de conduite sur route. 
7 
CHAPITRE 2 
Efficacité d'une intervention en réadaptation active chez une population pédiatrique 
ayant une récupération atypique suite à un traumatisme craniocérébralléger 
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Le traumatisme craniocérébralléger 
Le traumatisme craniocérébral léger (TCCL) est le type de TCC le plus commun. 
Une étude canadienne conduite en 2009 examinant les cas diagnostiqués s' étant présentés 
à l' hôpital et chez les médecins généralistes en Ontario a estimé l' incidence du TCCL 
entre 493 à 653 par 100000 habitants (Cassidy et al. , 2004; Ryu, Feinstein, Colantonio, 
Streiner, & Dawson, 2009). Les termes TCCL et commotion cérébrale réfèrent aux effets 
neurologiques aigus induits à la suite d ' un impact mécanique (exemple accélération, 
décélération, force rotationnelle, etc.) et peuvent êtres inter changés (Ontario 
Neurotrauma Fondation, 2013). Les techniques d ' imagerie médicale clinique ne 
permettent habituellement pas de déceler des dommages structuraux, mais des études 
récentes ont démontré que le TCCL induit une dysfonction fonctionnelle neuronale 
(Bigler, 2008; Giza & Hovda, 2001). Les caractéristiques cliniques du TCCL ont 
récemment été révisées lors de la 4e Conférence internationale sur les Commotions dans 
le Sport de Zurich (McCrory et al. , 2013). Celles-ci sont détaillées dans la Tableau 1. 
9 
Tableau 1: Caractéristiques cliniques du TCCL 
1. Le TC CL peut être causé soit par un coup direct à la tête, au visage, au cou ou ailleurs 
sur le corps créant une force transmise à la tête. 
2. Le TCCL se traduit généralement par l'apparition rapide d'altérations de la fonction 
neurologique qui se résolvent spontanément peu de temps après leur apparition. Dans 
certains cas, les signes et symptômes peuvent évoluer pendant quelques minutes voir 
heures. 
3. Le TCCL peut entraîner des changements neurologiques, mais les symptômes 
cliniques aigus reflètent en grande partie une dysfonction fonctionnelle plutôt qu'une 
lésion structurale. Ainsi, aucune anomalie n'est habituellement observée sur neuro-
imagerie standard. 
4. Le TCCL entraîne un ensemble de symptômes cliniques impliquant ou non une perte 
de conscience. Les symptômes cliniques et cognitifs se résolvent généralement 
progressivement. Cependant, il est important de noter que dans certains cas, les 
symptômes peuvent se prolonger. 
Adapté de : McCrory P et al. Consensus statement on concussion in sport: the 4'h International Conference on 
Concussion in Sport held in Zurich, November 2012. Br J Sports Med 2013; 47: 250-258. 
Les symptômes les plus souvent observés à la suite d' un TCCL sont exposés dans 
le Tableau 2. 
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Sensibilité à la 
lumière 
Sensibilité au son 
Acouphène 
Cognitif 
Se sentir au ralenti 
Se sentir dans un 
brouillard 
Perte de mémoire 
Diminution de la 
concentration 







Dormir plus qu 'à 
l'habitude 
Dormir moins qu 'à 
l' habitude 
Éprouver des difficultés 
à s'endormir 
Adapté de: Ontario Neurotrauma Foundation. Guideline for Concussion/mTBI and Persistent Symptoms: Second 
Edition. Septembre 2013 
Bien que la majorité des individus adultes ayant subi un TCCL récupèrent 
spontanément (7 à 10 jours), les lignes directrices restent généralement larges et ne 
suggèrent pas d' interventions efficaces pour promouvoir la récupération lorsque les 
symptômes perdurent au-delà de la période de recouvrement attendue (Giza et al. , 2013; 
Halstead & Walter, 2010; McCrory et al. , 2013 ; Ontario Neurotrauma Fondation, 2013; 
Zemek, Duval, Dematteo, & .. . 2014). Des symptômes peuvent persister chez Il à 17 % 
des jeunes ayant subi un TC CL (Barlow et al. , 2010; Gagnon, Galli, Friedman, Grilli, & 
Iverson, 2009; McCrory et al. , 2013 ; J. Ponsford et al. , 1999). Le syndrome post-
commotionnel (SPC) réfère à la persistance de symptômes au-delà de 4 semaines suivant 
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le TCCL (OMS CIM-I0). De plus, il semble que si les symptômes perdurent au-delà de 
la période de récupération attendue, il est peu probable que le patient récupère 
spontanément sans intervention (Leddy, Baker, Kozlowski, Bisson, & Willer, 2011 ; 
Leddyet al. , 2010). 
L'activité physique: une avenue thérapeutique intéressante? 
Très peu de recherches cliniques ont porté sur l' efficacité de l' activité physique 
comme intervention thérapeutique chez une population lente à se rétablir suite à un 
TCCL. Des études ont démontré que l' activité physique de type aérobie de faible 
intensité pouvait contribuer à la réadaptation postcommotionnelle (Baker, Freitas, Leddy, 
Kozlowski, & Willer, 2012; Griesbach, Hovda, Molteni, Wu, & Gomez-Pinilla, 2004; 
Leddy et al. , 2011; Majerske et al. , 2008). Il est démontré que l' activité physique a des 
effets positifs sur la cognition et la neuroplasticité (Hotting & Roder, 2013; McKee, 
Daneshvar, Alvarez, & Stein, 2014). De plus, il semble que l' activité physique de type 
aérobie diminue la dysfonction physiologique causée par le TCCL par la restauration de 
l' équilibre du système nerveux autonome et par l' amélioration de l' autorégulation de la 
circulation sanguine cérébrale (Amonette & Mossberg, 2013; Baker et al. , 2012; Conder 
& Conder, 2014). Enfin, l' activité physique pourrait avoir un impact positif sur plusieurs 
symptômes pouvant se chroniciser suivant un TCCL tels : (a) les troubles de l' humeur; 
(b); les céphalées; (c) la fatigue ; (d) l' anxiété; (e) les troubles de sommeil; (f) les 
étourdissements; (g) les troubles d 'équilibre; et, les atteintes cognitives, etc . (Archer, 
2012; Archer, Svensson, & Alricsson, 2012; Baker et al. , 2012; Brand et al. , 2010; 
Ensari, Greenlee, Motl, & Petruzzello, 2015 ; Griesbach, Gomez-Pinilla, & Hovda, 2004; 
Griesbach, Hovda, et al. , 2004; Hotting & Roder, 2013; Larun, Brurberg, Odgaard-
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Jensen, & Priee, 2015; Leddy et al., 2011; Majerske et al., 2008; Rebar et al., 2015; 
Rethorst, Wipfli, & Landers, 2009; Rimer et al., 2012; Sady, Vaughan, & Gioia, 2014; 
Tan, Meehan, Iverson, & Taylor, 2014a; Wise, Hoffman, Powell, Bombardier, & Bell, 
2012). 
Quelques auteurs ont amorcé des recherches sur l' efficacité de l' intégration d'un 
programme de réadaptation actif comme intervention thérapeutique. Par contre, le 
nombre insuffisant d' études, le nombre de sujets restreint de même que la méthodologie 
utilisée (études de cas série) dans la majorité des articles ne permet pas la justification de 
l'intégration de ce traitement dans les guides de pratiques. Leddy et al. (2013) ont 
effectué une étude préliminaire ayant pour objectif de comparer les effets d'une 
intervention par l'activité physique chez des sujets adultes ayant une récupération 
atypique à la suite d'un TCC sur les symptômes postcommotionnels et sur le patron 
d'activation neuronal lors d'une tâche cognitive. Dans cette étude, 4 sujets ayant une 
récupération atypique suite à un TCCL ont complété un programme de 20 minutes 
d' activité physique de type aérobie sous-maximale progressif (80 % de la FC atteinte lors 
d' un test par paliers, protocole de Balke) à raison de six fois par semaine pendant environ 
12 semaines. Ceux-ci ont été comparés à 4 sujets sains (contrôles) et 4 sujets ayant une 
récupération atypique mais participant à un programme d' étirement (placébo). Leddy et 
al. (2013) ont observé une diminution de l' activité du gyrus cingulaire antérieur, du 
thalamus et du cervelet chez les sujets ayant subi un TCC. Suite au programme de 
réadaptation, le patron d' activation neuronal des sujets ayant effectué l' entrainement 
aérobie était semblable à celui des sujets sains. Finalement, une diminution significative 
des symptômes postcommotionnels fut observée chez les sujets ayant effectué le 
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programme d' exercices aérobie (Leddy et al. , 2013). Des études similaires ont démontré 
qu ' un programme d' exercice pouvait réduire l' importance des symptômes auto rapportés 
chez les adultes (Leddy et al. , 2010) et les enfants et adolescents (Gagnon et al. , 2009; 
Gagnon et al. , 2015) chez qui les symptômes persistent suivant un TCC. Ces études ont 
inspiré le projet de recherche suivant, présenté sous forme d'article. 
Dans un souci d'améliorer les connaissances quant à la prise en charge des enfants 
et adolescents ayant une récupération atypique suite à un TCCL, nous avons étudié 
l' efficacité de l' intégration d'un programme de réadaptation actif aux soins standards 
lorsque les participants éprouvent encore des symptômes au repos. Considérant le peu 
d'ouvrages scientifiques disponibles, nous avons tenté d' intégrer le programme de 
réadaptation postcommotionnel tel que décrit par Gagnon et al. (2009) aux soins 
standards du consensus de Zurich (McCrory et al. , 2013) pour permettre la comparaison 
entre les interventions pour une même population. Par contre, notre intervention diffère 
quant à la fréquence d'entraînement par semaine (3 fois par semaine vs tous les jours) ce 
qui permettait une progression plus importante de l' intensité du programme 
d'entraînement aérobie en fin de traitement à l' instar des programmes de réadaptation 
conduits chez l' adulte. 
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RÉSUMÉ 
Introduction. Le traumatisme craniocérébral léger (TCCL) est le type le plus 
commun de lésion cérébrale et représente un problème de santé majeur chez les enfants et 
adolescents. Des symptômes d 'ordre physique, cognitif et émotionnel de même que des 
troubles du sommeil peuvent persister chez approximativement 11-17 % des individus 
ayant subi un TCCL. L' activité physique représente une avenue thérapeutique 
prometteuse pouvant avoir un impact positif sur la récupération des enfants et adolescents 
chez qui les symptômes (ex. maux de tête, troubles de l' humeur, anxiété, fatigue, 
troubles du sommeil , étourdissements, altérations de la fonction cognitive et de 
l' équilibre, etc.) se chronicisent. 
Objectif. L' objectif de cette étude est d ' identifier si l' ajout d ' un programme 
d' activité physique améliore la récupération des enfants et adolescents âgés de 10 à 17 
ans qui récupèrent de manière atypique suivant un TCCL et qui sont encore 
symptomatique au repos. 
Méthode. Quinze participants âgés de 15,00 ± 1,69 ans ont reçu les soins 
standards en plus d ' une intervention en réadaptation active incluant: (a) un entraînement 
aérobie progressif en intensité; (b) des exercices de coordination spécifique au sport 
pratiqué; et, (c) des exercices d ' équilibre. Les critères suivants ont été utilisés pour 
mesurer la résolution des signes et symptômes de TC CL : (a) l' absence de symptômes 
postcommotionnels pour plus de 7 jours consécutifs ; (b) des fonctions cognitives 
correspondant aux normes lors de l' évaluation par un neuropsychologue; (c) l' absence de 
déficit lors de l' évaluation de la coordination et de l' équilibre. 
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Résultats. L' intervention en réadaptation active fut de 49 [Q 1 = 27, Q3 = 56] 
JOurs. La durée de l' intervention était corrélée à l' adhérence auto rapportée au 
programme de réadaptation Cx = 84,64, 19,63 %, r = -0,792, p < 0,001). La fréquence et 
la sévérité des symptômes auto rapportés ont diminué significativement suite à 
l' intervention. Le résultat composite du questionnaire de symptômes postcommotionnels 
a diminué de 36,85 ± 23,21 points à 4,31 ± 5,04 points après l' intervention CZ = -3 ,18, p 
= 0,001). 
Conclusion. Une intervention en réadaptation active progressive pourrait 
représenter un atout important lors de la réadaptation des jeunes qui récupèrent de 
manière atypique suivant un TCCL. Tous les participants ont rapporté avoir récupéré 
pleinement suivant l' intervention en réadaptation active. De plus amples études 
comprenant un groupe contrôle sont requises pour valider cette approche prometteuse. 
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ABSTRACT 
Introduction. Mild traumatic brain injury (mTBI) is the most common type of 
brain injury and represents a major health problem in children and adolescents. Physical, 
cognitive, emotional symptoms and sleep disorder may persist in approximately 11-17 % 
of individuals who experienced mTB!. Exercise is a promising therapeutic avenue as it 
may have a positive impact on children and adolescent who are slow to recover and show 
mTBI chronic symptoms as: headaches, mood disorder, anxiety, fatigue, sleep disorder, 
dizziness, impairment of cognitive functions, balance, etc. 
Objective. The aun of this study is to identify whether the addition of a 
personalised Active Rehabilitation Intervention to standard care influence recovery of 
young patients aged from lOto 17 years old who are slow to recover following mTBI and 
still symptomatic at Test. 
Methods. Fifteen participants aged of 15.00 ± 1.69 years old received standard 
care and active rehabilitation which includes: 1) low to high intensity aerobic training; 2) 
specific coordination exercises; and, 3) therapeutic balance exercises. The following 
criteria were used to measure the resolution of signs and symptoms of mTBI: 1) absence 
of postconcussion symptoms for more than 7 consecutive days; 2) cognitive function 
corresponding to standards when assessed by a neuropsychologist; and, 3) absence of 
deficits in coordination and balance. 
Results. The Active Rehabilitation Intervention lasted 49 [QI = 27, Q3 = 56] 
days. Duration of the intervention was correlated to self-reported adherence (i = 84.64 
19.63 %, r = -0.792, p < 0.001). Symptoms frequency and severity decreased 
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significantly after the intervention. Postconcussion symptom inventory (peS!) score went 
down from a total of 36.85 ± 23.21 points before the intervention to 4.31 ± 5.04 points 
after the intervention (Z = -3.18, p = 0.001). 
Conclusion. A progressive sub-maximal Active Rehabilitation Intervention may 
be an important asset in the recovery in youths who are slow to recover following mTBI. 
AlI participants reported full recovery following the Active Rehabilitation intervention. 
Further studies including more participants and a control group are needed to validate this 
promising new approach. 
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Introduction 
Mild traumatic brain injury (mTBl) or conCUSSIOn is an acute neurological 
disorder induced after a direct or indirect mechanical impact (eg. acceleration, 
deceleration, rotational force, etc.) (McCrory et al. , 2013). MTBl is the most common 
type of brain injury and represents a major health problem in children and adolescents as 
they are highly represented in sport-related head injury (Canadian Institute for Health 
Information, 2006; Guerrero, Thurman, & Sniezek, 2000; Selassie et al. , 2013 ; Thurman, 
2014). The annual incidence of mTBl in Canadians is estimated at 600 per 100 000 
(Cassidy et al., 2004; Ryu et al. , 2009). Although recovery following mTBl is usually a 
short-lived process (7-10 days), physical, cognitive, emotional symptoms and sleep 
disorder may persist beyond the expected recovery period of three months in 11-17% of 
mTBl cases in youth (Barlow et al. , 2010; Gagnon et al. , 2009; McCrory et al. , 2013 ; J. 
Ponsford et al. , 1999). Postconcussion syndrome (PCS) refers to persisting symptoms for 
more than 1 month following mTBl including headache, nausea, dizziness, fatigue, vision 
impairment, sensitivity to noise and/or light, balance impairment, difficulty 
concentrating, memory impairment, drowsiness, anxiety, irritability, feeling "in a fog" , 
among others (WHO lCD-10). Barlow et al. (2010) found that 58.5 % of children aged 
form 0-18 years old who sustained a mTBl were still symptomatic 1 month following the 
incident. Whereas children and adolescents presenting postconcussion symptoms beyond 
1 month (28 days) following the mTBl are considered slow to recover there is a need to 
develop feasible and valid interventions to improve recovery in pediatric population who 
sustained a mTBI. 
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Scientific knowledge on the treatment of mTBI is poorly developed, especially 
when postconcussion symptoms persist beyond the normal expected period of 
convalescence. Up to now, rest have been considered as "the best medicine" after mTBI. 
Thus, consensus statements either recommend that athletes should rest until they are 
asymptomatic before introducing physical activity (Giza et al. , 2013; Halstead & Walter, 
2010; Ontario Neurotrauma Fondation, 2013) or do not stated on how and when should 
be introduce physical activity when symptoms persist at physical rest over time (McCrory 
et al. , 2013; Zemek et al. , 2014). Recent reviews of the literature support the use of 
exercise as an active rehabilitation treatrnent when postconcussion symptoms persist 
beyond the expected recovery period after injury (Schneider et al. , 2013; Silverberg & 
Iverson, 2013) as it may have a positive impact on the following mTBI chronic 
symptoms: headaches, mood disorder, anxiety, fatigue, sleep disorder, dizziness, 
impairment of cognitive functions, balance, etc. (Archer, 2012; Archer et al. , 2012; Baker 
et al. , 2012; Brand et al. , 2010; DeMatteo et al. , 2015; Ensari et al. , 2015; Griesbach, 
Gomez-Pinilla, et al. , 2004; Griesbach, Hovda, et al. , 2004; Hotting & Roder, 2013; 
Larun et al. , 2015; Leddy et al. , 2011 ; Majerske et al. , 2008; Rebar et al. , 2015; Rethorst 
et al. , 2009; Rimer et al. , 2012; Sady et al. , 2014; Tan et al. , 2014a). Preliminary evidence 
demonstrated that exercise, when used as a treatrnent, reduces reported symptoms in 
adults (Leddy et al. , 2013; Leddy et al. , 2010) and in youth who are slow to recover after 
mTBI (Gagnon et al. , 2009; Gagnon et al. , 2015). In the sake of improving knowledge 
about the care of youth with atypical recovery following a mi Id traumatic brain injury, we 
studied the effectiveness of the integration of an active rehabilitation program with 
standard care while participants were still experiencing postconcussion symptoms at rest. 
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Considering the lack of available scientific literature, we tried to integrate the active 
rehabilitation program as described by Gagnon et al. (2009) to the Zurich Consensus 
standard care (McCrory et al., 2013) in order to allow comparison between interventions. 
In contrast, our Active rehabilitation program differs in training frequency per week (3 
times a week vs. daily) which allowed a larger increase in the intensity of aerobic training 
program at the end oftreatment such as rehabilitation programs conducted in adults. 
Objective. The aun of this study is to identify whether the addition of a 
personalised Active Rehabilitation Intervention to standard care influence recovery of 
young patients aged from lOto 17 years old who are slow to recover following mTBI and 




Eighteen participants aged from lOto 17 years old who complained of 
postconcussion symptoms for more than 4 weeks foIlowing a mTBI were referred to the 
Active Rehabilitation study through the Cortex Medicine and Rehabilitation Concussion 
Clinic where they received an interdisciplinary intervention consisting of rest, general 
education, school adaptations and cessation of participation in physical as proposed by 
the Zurich Consensus .(McCrory et al., 2013) between 2014-04-15 and 2015-02-20. The 
study was introduced to the families by a registered neuropsychologist during the initial 1 
hour meeting in which the interdisciplinary approach presentation and patient interview 
are completed. Written parental consent and participant assent were completed if both 
indicated an interest in study participation. The consent form was approved by the 
Université du Québec à Trois-Rivières (UQTR) ethics review board. 
AIl youth were participating in organized recreational to high performance sport 
groups for 5.96 ± 3.66 hours per week. Fourteen participants sustained a sport-related 
mTBI in their principal competitive activity, two had a sport-related mTBI in another 
recreational sport (alpine skiing faIl) and another two had a transport-related incident (bus 
accident) but were competing in an organized sport setting before the incident. Three 
participants were not included in the present study, one was not able to complete the final 
assessment because of a fractured toe and two retumed to their sport, against the advice 
of clinicians, although they were still experiencing postconcussion symptoms. Fifteen 
children and adolescents (9 females) aged of 15.00 ± 1.69 years were included in this 
23 
study. Participant characteristics are presented in Table 3. AlI participants had a normal 
academic progress and reported no cognitive, behavioral, neurological or musculoskeletal 
impairments. Participant #4 was treated by carbamazepine (Mylan-Carbamazepine CR) 
for epilepsy. Participant #6 was diagnosed with influenza and had flu symptoms for 10 
days, after being asymptomatic for five days. Participant #7 suffered from iron deficiency 
anernia, anxiety disorder and had a history of migraines and was treated by iron 
supplements, almotriptan (Axert®) and amitriptyline (Elavil®). No participants had 
sustained an mTBI in the previous 6 months before data collection. Seven participants 
reported amnesia of the event, three had lost consciousness and five had sought medical 
attention to the emergency department. Participants #3 and #12 had an impact to the head 
during the study without convincing signs of mTBI. Screening and treatrnent for 
associated conditions of cervical (n = 13), oculomotor (n = 10), vestibular (n = 5) and 
temporo-mandibular (n = 1) dysfunctions were conducted and treated by a registered 
physiotherapist. 
Study design 
Participants underwent a symptoms, neurological, balance and coordination 
assessment before and after the Active Rehabilitation Intervention. Initial evaluation was 
conducted 48 [QI = 31 days, Q3 = 86 days] days post mTBI. A standardized mTBI 
history form was administered by a trained neuropsychologist to obtain detailed 
information about the mTBI history, including the date of the injury, the description of 
the accident and thé clinical symptoms (loss of consciousness, confusion, amnesia), and 
the number of auto-reported previous mTBI. Adherence and self-reported state were 
assessed during a weekly follow-up phone calI. Final evaluation was conducted when the 
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participants showed a minimum period of seven days after complete symptoms resolution 
(9.73 ± 2.12 days). The following criteria were used to measure the resolution of signs 
and symptoms of mTBI: 1) absence of post-concussive symptoms for more than 7 
consecutive days; 2) cognitive function corresponding to standards when assessed by a 
neuropsychologist; and, 3) absence of deficits in coordination and balance. 
Table 3: Participants characteristics 
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01 14.95 F 46.8 160 1 Yes No Soccer 60 53 9 
02 16.05 F 50.9 163 1 Yes No Basketball 86 44 10 
03 12.32 M 38.6 156 2 No No Hockey* 30 27 13 
04 13.60 F 47.7 158 0 Yes Yes Gymnastics 30 30 7 
05 14.81 M 72.7 178 2 No No Hockey 48 49 9 
06 15.07 M 75.9 173 1 No No Basketball 41 65 7 
07 17.54 F 65.0 167 Yes No Synchronized 158 53 8 
swimming* 
08 14.03 F 61.4 172 0 No No Soccer 373 63 9 
09 15.77 M 92.3 183 2 Yes Yes Football** 120 14 10 
10 15.30 F 66.4 171 0 UncJear No Basketball 60 24 14 
Il 11.28 M 36.4 139 2 No No Hockey 31 65 8 
12 15.38 F 53 .6 158 1 No No Soccer 30 56 9 
13 17.09 M 70.5 166 0 Yes Yes Snowboarding 64 23 13 
14 14.98 F 54.5 164 0 No No Soccer 36 48 10 
15 16.76 F 81.8 167 0 Unclear No CycJing** 45 49 10 
* Transport-related mTBI 
** Sport-related mTBI in another recreational sport 
LOC: Loss ofConsciousness 
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Active rehabilitation intervention 
Since participants could not perform the standard graduai return to physical 
activities as proposed by the Zurich Consensus (McCrory et aL, 2013) because they were 
still presenting postconcussion symptoms at rest, they were asked to perform a 
personalized home active rehabilitation program which consists of: 1) progressive 
submaximallow to high intensity (based on perceived exertion) aerobic training for up to 
20 min, 2) low intensity sport specific motor coordination exercises for up to 10 min and 
3) balance and coordination therapeutic exercises (Figure 1). The active rehabilitation 
pro gram was initially performed in clinic under the supervision of a kinesiologist. 
Participants had to perform the active rehabilitation exercises program 3 times a week at 
home, school, sport facility or in the clinic. Individual home pro gram was inspired by the 
Montreal Children ' s Hospital Trauma Center Mild Traumatic Brain Injury Pro gram 
(Gagnon et aL , 2009; Gagnon et aL, 2015) but differed in the frequency of participation 
per week (3 times a week vs daily) in order to facilitate treatment compliance and 
minimize the impact on participant' s daily life . This also enable a more marked 
difference in daily participation to exercise allowing better monitoring of symptoms that 
may be created through exercise and allowed to reach a more intense effort intensity at 
the end of the treatment. Our Active Rehabilitation Interventionalso differed in intensity 
and duration of aerobic exercise reached at the end of the program which is similar to 
rehabilitation programs conducted in adults. Therefore, intensity reached at the end of the 
program is closer than intensity performed in organized sport groups which could 
promote a better transition to the sport normally practiced by the participant and may 
allow a more complete recovery. Patients were informed to limit the duration and 
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intensity of exercises to those prescribed after the clinic evaluation. They were asked to 
perform their pro gram even if they were symptomatic at rest but had to stop the exercise 
if any of the symptoms increased by 1 point on a symptom intensity scale from 0 to 10 
points or if symptoms increased after exercise participation. 
Figure 1: Active Rehabilitation Intervention progression 
STEP 1 Low intensity cycling for 5 to 15 minutes 
(perceived exertion 2/10) 
STEP 2 Moderate intensity cycling for 15 to 20 minutes 
(perceived exertion 3/10) 
STEP 3 Low to high intensity cycling for 20 minutes 
(altemate 3 to 5 times 1 min 5/10, 1 min 2/10) 
Aerobic training 
• 
Sport specifie motor 
coordination exercises 
Balance and coordination 
therapeutic exercises 
Participants were asked to use a stationary bicycle to perform a personalised 
progressive aerobic training. Because of the difficult access to a bicycle, participant #7 
used an elliptic. Level of perceived exertion was monitored using the 10-points Borg 
category-ratio (CRI0) scale where effort is rated from none (0) to maximal (l0) (Borg, 
1982). This scale was incorporated to the home program in order to help youth 
monitoring the intensity during exercise. First, participants were asked to perform a 
symptom dependent low intensity supervised aerobic training session for 5 to 15 minutes. 
This first session determined the volume of which was initiated the aerobic training 
progression. In this protocol, participants evolve through three progressive in terms of 
volume and intensity stages until symptom free : 1) 5 minutes progression every two 
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sessions from 5 to 15 minutes of low intensity aerobic activity (perceived exertion of 
2/10), 2) 5 minutes progression every two sessions from 15 to 20 minutes of moderate 
intensity aerobic activity (perceived exertion of 3/1 0), 3) 5 minutes low intensity aerobic 
activity (perceived exertion of 2/1 0), three to five low to high intensity intervals (aItemate 
1 minute at high intensity (perceived exertion of 5/1 0) and 1 minute low intensity aerobic 
activity (perceived exertion of 2/1 0)), 5 minutes low intensity aerobic activity (perceived 
exertion of 2/1 0). At aIl stages, the onset or increase of symptoms indicates an immediate 
hait to the practice of physical activity for a minimum of 24 hours. Patients were asked to 
return to the previous stage if any of the symptoms increased by 1 point on a 10 points 
symptoms intensity scale during or after exercise participation. They had to progress 
through stages if they successfully completed a stage two times in a row. They were 
instructed not to exercise for two consecutive days. 
Sport specifie motor coordination exercises 
Participants had to perform low intensity sport specifie coordination skills 
(shooting drills, dribbling drills, agi lit y, etc.) for 5 to 10 minutes. The activity had to be 
stopped if any symptoms were generated. 
Therapeutic exercises 
Participants were asked to perform three 30 seconds repetitions of three 
therapeutic exercises consisting of balance exercises. These are displayed in Annex A. 
The home pro gram included aIl three components of the Active Rehabilitation 
Intervention pro gram and was provided to the family in a paper sheet. Progression was 
monitored through the weekly follow-up phone calI. The participants and parents were 
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asked to contact the study coordinator for any question or if symptoms worsen or 
resolved. Follow-up were conducted until the participant report being symptom free for at 
least 7 days. 
Adherence 
Adherence to the Active Rehabilitation Intervention was monitored through the 
weekly follow-up phone call and is define as: "the extent to which a person ' s behaviour-
taking medication, following a diet, and/or executing lifestyle changes, corresponds with 
agreed recommendations from a health care provider" (Sabaté, 2003). Adherence was 
determined by comparing participants' report of exercises sessions performed to 
exercises frequency prescription (%). 
Signs and symptoms assessment 
Symptoms assessment 
eurrent Postconcussion symptoms and pre-injury symptoms severity were 
assessed by the Postconcussive Symptom Inventory scale (peS!) (Sady et al., 2014). 
peSI is a validated questionnaire of 21 items rated from 0 to 6 (0 = absence of symptom 
and 6 = severe problem) for youth of 13 to 18 years old who sustained a mTBI were item 
21 is a self-reported abnormality score rated from "0" indicating "No Difference" to "4" 
indicating "Very Different". The first 20 items were added in order to create the peSI 
score (0-120 points). The 18 items peSI questionnaire form was used for participant 
younger than 13 years old. Parent were asked to complete the peSI parent version to rate 
their children perceived symptom severity. Pre and post intervention peSI scores and 
self-reported abnormality scores were compared for each participant, parent and between 
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the participant and their parent. Results ofPCSI score for participants #3 and #11 had not 
been considered in the statistical analysis due to the use of incompatible versions of the 
questionnaires. 
Neuropsychological assessment 
A battery of neuropsychological tests was used to assess multiple aspects of 
cognitive functioning including verbal memory (Rey Auditory Verbal Learning Test 
(RA VL T) (Schmidt, 1996)), verbal fluency (Delis-Kaplan executive function system (D-
KEFS) (Delis, 2001)), working memory (Digit Span from the Weschler Adult Intelligent 
Scale (W AIS-IV) (Wechsler, 2008) or the Weschler Intelligence Scale for Children 
(WISC-IV) (Wechsler, 2003)), information processing (Symbol Digit Modality Test 
(SDMT) (Smith, 1982)) and attention processes (Continuous Performance Test II (CPT-
II) (Conners, 2000)). The tests were selected to evaluate the most affected cognitive 
functions following a mTBI as reported in the literature (Guskiewicz, Ross, & Marshall, 
2001; Lundin, de Boussard, Edman, & Borg, 2006). This neuropsychological test battery 
was administered by a trained neuropsychologist. The test administration was 
standardized and uniform for aIl participants. 
A psychological inventory (State-Trait Anxiety Inventory (ST AI) (Spielberger, 
2010)) was also administered to the participant's parents to measure their anxiety about 
their child condition and their anxiety level as a personal characteristic (Spielberger, 
2010). 
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Coordination and balance 
Coordination and balance were assessed by the SCAT 3 Balance examination 
tests and Coordination examination (McCrory et al., 2013) through the Modified Balance 
Error Scoring System (BESS) testing, the Tandem gait and the Finger-to-nose task. 
Participants performed the Modified Clinical Test of Sensory Interaction on Balance (m-
CTSffi) (Cohen, Blatchly, & Gombash, 1993) which measure static postural sway and 
the Limit of Stability test (LOS) which measure dynamic postural control .within a 
normalized sway envelope on a Biodex Biosway ™ force platform (Pickerill & Harter, 
2011). Finally, balance and coordination were assessed by the Bruininks-Oseretsky Test 
of Motor Proficiency 2nd Edition (BOT -2) subtests of bilateral coordination, balance and 
upper-limb coordination (Bruininks & Bruininks, 2005) 
(Bruininks & Bruininks, 2005). Subtests total point scores were converted to 
derived scores in order to have uniform meaning between subtests and participants. 
Normalized to age and sex scale score were used to statistical analysis. 
Statistical analysis 
Spearman correlation between the duration of the intervention and self-reported 
adherence and between Active Rehabilitation Intervention duration and time post mTBI 
pre-intervention were calculated. The Wilcoxon non parametric test for related samples 
was conducted on every other outcome measures. Outcome measures statistical analyses 
were conducted with the Statistical Package for the Social Sciences (SPSS) version 22 
(SPSS. Inc. Chicago. Illinois. USA). 
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Results 
Intervention duration before recovery 
Participants were initially evaluated at 48 [Q 1 = 31 , Q3 = 86] days post mTBl. 
The intervention lasted 49 [QI = 27, Q3 = 56] days before recovery was attained. The 
fmal evaluation was conducted after 9 [QI = 8, Q3 = 10] days without symptoms (see 
Table 3). Pearson correlation revealed no correlation between the Active Rehabilitation 
Intervention duration and the duration of postconcussion symptoms before the 
intervention (r = -O.l20,p = 0.671). 
Adherence to the exercise program 
Participants perfonned on average 84.64 ± 19.63 % of the session of the Active 
Rehabilitation Intervention . Duration of the intervention was correlated to self-reported 
adherence (r = -0.796, p = < 0.001) (Figure 2). Three participants did the Active 
Rehabilitation Intervention program three to four times a week (every two days) which 
explained adherence score higher than 100%. 
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Symptoms 
Symptoms frequency and severity decreased significantly after the intervention 
(see Table 4). Before the intervention, the participants reported 8.90 ± 2.08 symptoms on 
the PCSI. The number of self-reported symptoms decreased significantly to 1.80 ± \.44 
following the intervention (Z = -3.933, p = < 0.001). The most auto-reported symptoms 
were fatigue, difficulty concentrating, headache and answering questions more slowly 
than usual respectively reported by 13, 12, Il and Il of the 15 participants. PCSI score 
went down From a total of 36.85 ± 23 .2\ points before the intervention to 4.31 ± 5.04 
points after the intervention (Z = -3.18, p = 0.001). The self-reported abnorrnality score 
(PSCI item 21) decreased significantly from 2.00 ± 3.33 points to 0.17 ± 0.39 points (Z = 
-2 .88, p = 0.004). Parents reported similar decrease in symptoms perception of the PCSI 
score from 38.75 ± 20.27 to 12.75 ± 9.55 points (Z = -2.904, p = 0.004). They reported an 
abnormality score (item 21) of 2.09 ± 0.7 and 0.55 ± 0.52 points before and after the 
intervention respectively (Z = -2.879, p = 0.004). Abnormality scores were similar 
between participants and their parents (Z = -1 .342, p = 0.180). 
Table 4: Postconcussion Symptom Inventory results 
PC SI score 
(sum of20 items)* 
Self-reported abnormality 
score* 
*Significant statistical difference 
SD, Standard deviation 
b Based on positive ranks 
Pre-intervention ± 
SD 
36.85 ± 23 .21 










The results of the neuropsychological test assessment are surnmarized in Table 
5. Participants who remained symptomatic for more than one month showed better 
performance in sorne parameters of cognitive functions, such as verbal episodic memory, 
both in total learning (Z = -2.843, p = 0.004) and in immediate recall (Z = -2.68, p = 
0.001), in switching semantic verbal fluency (Z = -2.147, p = 0.032), working memory 
(operational component (backward)) (Z = -2.54, p = 0.011) and made less omission type 
errors in a task measuring different attention processes (Z = -2.386, p = 0.017) after the 
Active Rehabilitation Intervention. Other neuropsychological subtests did not differ when 
compared to the initial evaluation. No correlation were found between the Active 
Rehabilitation Intervention duration and the parental anxiety measured by State-Trait 
Anxiety Inventory (STAI) state anxiety (r = 0.112, p = 0.692) and trait anxiety (r = 
0.042 , p = 0.881). 
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Table 5: Neuropsychological results 
Pre-Intervention Post-Intervention Z p 
± SD ±SD 
RAVLT 
Trials 1 to 5 total* 47.46 ± 6.18 54.38 ± 7.34 -2.843b 0.004 
List B interference 4.76 ±1.59 6.23 ± 1.36 -1. 736b 0.083 
Immediate recall * 9.77 ± 2.20 11.54 ± 1.90 -2.568b 0.001 
Delayed recall 10.08 ± 2.66 11.15 ± 2.27 -1.724b 0.085 
Verbal fluency 
(words) 
Phonemic 26.60 ± 7.23 29.60 ± 9.43 -1.449b 0.147 
Semantic 37.64 ± 4.24 35 .21 ± 4.81 -1.749c 0.080 
Semantic switcrung 14.50 ± 2.21 II.93 ± 2.62 -2.147c 0.032 
(Total responses)* 
Semantic switching 13.64 ± 2.37 11.36 ± 2.41 -1.891 c 0.059 
(Total switcrung) 
Digit span 
Forward 9.14 ± 1.70 9.29 ± 1.49 -0.426b 0.670 
Backward* 7.43±1.10 8.64± 1.91 -2.537b 0.011 
SDMT 
Total 53.43 ± 7.59 56.86 ± 9.53 -1.857b 0.063 
CPTn 
Omission* 4.33 ± 3.94 1.18± 1.17 -2.386c 0.017 
Commission 23.92 ± 10.08 19.81 ± 7.08 -1.532c 0.126 
Hit 380.80 ± 56.99 369.48 ± 35 .67 -0.533c 0.594 
Hit Reaction time 6.10 ± 2.66 4.73 ± 1.24 -1 .600c 0.110 
Variability 10.04 ± 7.23 6.32 ± 1.61 -0.800c 0.424 
Detectability 0.42 ± 0.585 0.52 ± 0.33 -1.512c 0.130 
*Significant statistical difference 
Note: RA VL T, Rey auditory verballeaming test; SDMT, symbol-digit modalities test; CPT, Continuous Performance Task 
SD, Standard deviation 
b 8 ased on negative ranks 
c 8 ased on positive ranks 
Coordination and balance 
Coordination and balance results are presented in Table 6. Modified Balance 
Error Scoring System (BESS) (Figure 3) one leg (Z = -3.068, p = 0.002) and tandem (Z = 
-2.149, p = 0.032) stances, Tandem gait (Z = -3.233, p = 0.001), and the Finger-to-nose 
(Z = -3 .234, p = 0.001) scores improved after the intervention. Modified Clinical Test of 
Sensory Interaction on Balance (m-CTSIB) (Figure 4) under the conditions: Eyes opened 
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Firm surface (l = -2.217, P = 0.027), Eyes opened Foam sU1jace (l = -2.309, P = 0.021) 
and Eyes closed Foam sU1jace (l = -3 .068, p = 0.002) were significant1y improved. Limit 
ofStability (LOS) improved from 56.6 ± ]3.]4 % to 70.8 ± 9.92 (l = -3.068,p = 0.002). 
Finally, the Bruininks-Oseretsky Test of Motor Proficiency 2nd Edition (BOT -2) subtests 
of bilateral coordination (l = -2.673, P = 0.008) and upper-limb coordination (l = -
3.121 , P = 0.002) improved significantly after the intervention while balance subtest 
remain unchanged (l = -0.841 , p = 0.400). 
Table 6: Coordination and balance 
SCAT3 
BESS Double ]eg stance 
BESS One leg stance* 




mCTSIB Eyes opened 
Firm surface* 
mCTSIB Eyes c10sed 
Firm surface 
mCTSIB Eyes opened 
Foam surface* 







*Significant statistical difference 
SD. Standard deviation 
b Based on positive ranks 




0.07 ± 0.26 
5.20 ± 2.96 
2.80 ± 2.48 
17.93 ± 7.89 
3.54 ± 0.55 
0.53 ± 0.27 
1.12 ± 0.88 
0.78 ± 0.2] 
2.27 ± 0.60 
56.6 ± 13.14 
]2.33 ± 4.69 
12.07 ± 4.82 




0.00 ± 0.00 
1.73 ± 2.63 
] .20 ± 2.0] 
13.21 ± 4.08 
3.00 ± 0.48 
0.39 ± o.] 7 
0.69 ± 0.21 
0.67 ± 0.]9 
] .87 ± 0.46 
70.8 ± 9.92 
16.07 ± 4.03 
] 3.27 ± 4.43 
] 8.33 ± 4.03 
l p 
-1.000b 0.317 
-3 .068b 0.002 
-2.149b 0.032 
-3 .233b 0.001 
-3.234b 0.001 
-2.217b 0.027 
-1 .874b 0.061 
-2.309b 0.021 
-1.960b 0.050 
-3 .068c 0.002 
-2.673c 0.008 
-0.841 c 0.400 
-3.121 c 0.002 
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Discussion 
The present study investigated the effects of an Active Rehabilitation Intervention 
integrated to standard care (McCrory et al. , 2013) on recovery assessed by coordination 
and balance performance, cognitive function and postconcussion symptom inventory in 
youth with atypical recovery following mTBI. 
Participants demonstrated statistic improvement on the one leg and tandem 
stances subtests of the Modified Balance Error Scoring System (BESS) test. We observed 
improvement of the initial tandem gait result (17.93 ± 7.89 sec) to normal performance 
«14 sec) after the Active Rehabilitation Intervention (13.21 ± 4.08 sec). Every subtests 
of the Modified Clinical Test of Sensory Interaction on Balance (m-CTSIB) and Limit of 
Stability (LOS) normalized after the intervention although mCTSIB Eyes c/osed Firm 
surface did not differ significantly. FinaIly, Bruininks-Oseretsky Test of Motor 
Proficiency 2nd Edtion (BOT-2) subtests of bilateral coordination and upper-limb 
coordination improved significantly but scale scores range stayed in the Average 
descriptive category as weIl as the Balance subtest. Balance subtest results are consistent 
with those of Gagnon et al. (2015). These results are consisting with the literature 
indicating that coordination and balance are known to be altered after mTBI in youth and 
young adults (Guskiewicz, 2003; Guskiewicz & Register-Mihalik, 20 Il; Guskiewicz et 
al. , 2001 ; King et al. , 2014; Schneiders, Sullivan, Gray, Harnmond-Tooke, & McCrory, 
2010). Coordination and balance component of the Active Rehabilitation Intervention 
cou1d impact the coordination and balance assessment results under the effect of the 
practice. Therefore, interpretation of the results must be made cautiously. The results 
suggests that athletes still presenting postconcussion symptoms for more th an 1 month 
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following mTBI showed better performances ln sorne parameters of verbal episodic 
memory, working memory (operational component), verbal fluency, and attention 
processes after the Active Rehabilitation Intervention. These results are consistent with 
the literature, indicating that episodic verbal memory, working memory, verbal fluency 
and attention processes appear to be affected following a mTBI (Guskiewicz et al., 2001; 
Lundin et al., 2006). Although there is a significant improvement in sorne parameters of 
cognitive functions, other parameters remain not statistically significant. This finding 
may be explained by the fact that athletes initially did not show any cognitive 
impairment. It may also relate to an incomplete recovery process, although participants 
report a subjective improvement in terms of number and intensity of auto-reported 
symptoms. This is consistent with the literature indicating that although in most cases, 
cognitive recovery largely overlaps with the time course of symptom recovery, cognitive 
recovery may occasionally follow clinical symptom resolution (Bleiberg et al., 2004; 
Fait, McFadyen, Swaine, & Cantin, 2009; McCrory et al., 2013). However, the 
limitations of the study, including small sample size and the use of altêmative forms of 
neuropsychological tests, which could induce a learning effect on the post-test measures, 
may have reduced the scope ofthis study. 
Since postconcussion symptoms are not specific to mTBI, sorne patient may 
report symptoms on PCSI even if they report having recovered from their mTBI (Sady et 
al., 2014). ln this study, participant's self-reported abnormality score normalized after the 
Active Rehabilitation Intervention. Although there is a need to develop reachable and 
valid interventions to improve recovery in pediatric mTBI population, the literature 
supports the use of exercise as an active rehabilitation intervention when symptoms 
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persist beyond the expected recovery period after mTBI in adults (Schneider et al., 2013; 
Silverberg & Iverson, 2013). To date, only two similar studies conducted such 
intervention in youth thru the Montreal Children's Hospital Trauma Center Mild 
Traumatic Brain Injury Program (Gagnon et al., 2009; Gagnon et al., 2015). Although our 
intervention differs in frequency of participation per week and in intensity/duration of 
aerobic exercise reached at the end of the program, the total duration of the Active 
Rehabilitation Intervention before recovery (44.20 ±] 6.56 days) was similar to those 
observed by Gagnon et al. (2009) of 30.80 ± ] 8.20 days and by Gagnon et al. (2015) 
47.60 ± 32.90 days. Participants of these studies were symptomatic for more than 2 to 3 
months on average. AU reported a full recovery from mTBI after the intervention. Barlow 
et al. (2010) reported that "if a child with mTBI was symptomatic at 100 days, this child 
would have 40 % likelihood ofremaining symptomatic" and they mentioned that 13.7 % 
of children oIder than 6 years old were symptomatic 3 months after the in jury. Although 
the recovery time overlaps thisobserved by Barlow et al. (2010), it is possible that 
physical activity had promoted recovery post mTBI considering that aU participants 
reported a fuU recovery and the unlikeliness of spontaneous recovery. Furthermore, the 
Active Rehabilitation Intervention duration was not correlated to duration of auto-
reported postconcussion symptoms since the last mTBI (r = 0.205, P = 0.464). Moreover, 
there is an apparent dose-response relationship between duration of the intervention and 
self-reported adherence (r = -0.792, p = < 0.001). These leave us to believe in the 
effectiveness of exercise to decrease postconcussion symptoms. The lack of a control 
group and the limited number of participants does not allow us to draw conclusions 
against the effectiveness of this intervention. However, it is likely that maintaining 
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physical rest is not optimal when recovery process is longer than expected in youth. No 
participant reported having a deterioration of their condition following the Active 
Rehabilitation initiation of the program. Therefore, it is likely that the initiation of 
physical activity of low inten~ity, without risk of fall or impact, is safe in young athletes 
one month following mTBI. Physiotherapy treatment may had an impact on physical 
postconcussive symptoms. More studies are needed to confmn the effectiveness of this 
method as a therapeutic core component. 
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Conclusion 
A progressIve sub-maximal Active Rehabilitation Intervention may be an 
important asset in the recovery in youths who are slow to recover following mTBI. The 
majority of coordination and balance assessment tests and sorne cognitive functions, such 
as working memory, verbal memory, verbal fluency and attention processes presented a 
significant improvement following the active rehabilitation intervention. Symptoms 
resolved in every participant independently of the onset of the Active Rehabilitation 
Intervention in the recovery process. It is unclear how the Active Rehabilitation 
Intervention has influenced these results. Further studies including more participants and 
a control group are needed to validate this promising new approach. It would be 
interesting to evaluate the impact of different programs components as aerobic exercise 
on mTBI recovery process. This project has the potential to influence traumatology 
practice and may promote sports therapy in mTBI rehabilitation although additional 
research in this area is needed. 
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Les incidents reliés au transport (véhicule motorisé, vélo, véhicules récréatifs, 
etc.) sont responsables d'environ 50 % des TCC et ce, principalement chez les jeunes 
adultes (Canadian Institute for Health Information, 2006; Canadian Medical Association, 
2012; Corrigan, Selassie, & Orman, 2010). Suite à un TCC, il est possible ·que le patient 
expérimente des symptômes physiques, cognitifs et émotionnels qui entrainent des 
déficits fonctionnels pouvant affecter les capacités de conduite (Bottari, Lamothe, 
Gosselin, Gelinas, & Ptito, 2012; Canadian Council of Motor Transport Administrators, 
2013; Canadian Institute for Health Information, 2006; Lew, Rosen, Thomander, & 
Poole, 2009; Ponsford et al. , 2014). Au Québec, le permis de conduire une automobile 
peut être suspendu à la suite d' un TCe. Si c'est le cas, le patient devra effectuer un 
examen de conduite automobile sur route supervisé par la Société de l'Assurance 
Automobile du Québec (SAAQ). De 40 à 60 % des survivants ayant subi un TCC 
reprendront la conduite automobile, de ce nombre, 2/3 des individus le feront sans 
évaluation médico-légale (Bazarian et al. , 1999; Bivona et al. , 2012; Canadian Council of 
Motor Transport Administrators, 2013; Coleman et al. , 2002; Fisk, Schneider, & Novack, 
1998; Leon-Carrion, Dominguez-Morales, & Martin, 2005; Nalder et al. , 2012; Novack 
et al. , 2010; Ponsford et al. , 2014; Rapport, Bryer, & Hanks, 2008; Tamietto et al. , 2006). 
Ceci soulève des inquiétudes puisque les individus ayant subi · un TCC rapportent des 
symptômes pouvant affecter les performances de conduite lors de leur retour sur la route 
(Ponsford et al. , 2014). Il est impératif d' élaborer des stratégies sécuritaires lors de la 
réadaptation à la conduite automobile. 
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Le TCC et la conduite 
La conduite automobile est un privilège synonyme de qualité de vIe et 
d' autonomie. La capacité à conduire une automobile requiert l' habileté du conducteur à 
gérer, anticiper et répondre aux situations créées par le trafic (Brouwer, Withaar, Tant, & 
van Zomeren, 2002). Pour se faire, le conducteur doit faire appel à des capacités 
perceptivo-motrices et fonctionnelles ainsi qu ' à des fonctions cognitives de niveau 
supérieur (Tamietto et al. , 2006). Le TCC peut induire des déficits moteurs, cognitifs et 
comportementaux qui influencent les capacités de conduire un véhicule. Le Tableau 7 
présente quelques atteintes ayant un impact sur la capacité d' un individu à conduire de 
façon sécuritaire un véhicule tel qu ' identifié par le Conseil Canadien des Administrateurs 
en Transport Motorisé. Les individus ayant subi un TCC ne semblent pas être conscients 
de leurs déficits et croient être aptes à la conduite automobile ce qui est préoccupant lors 
de la reprise de la conduite automobile dans cette population (Canadian Council ofMotor 
Transport Administrators, 2013; Canadian Medical Association, 2012; Huchler S, 2002; 
Lundqvist & Alinder, 2007; Lundqvist, Alinder, Modig-Arding, & Samuelsson, 2011; 
Rapport et al. , 2008). 11 a été démontré que les individus ayant subi un TCC sont 2 fois 
plus à risque d'être impliqués à nouveau dans un accident routier (Bivona et al. , 2012; 
FormÏsano et al. , 2005; Leon-Camon et al. , 2005; Neyens & Boyle, 2012; Rapport et al. , 
2008; Schanke, Rike, Molmen, & Osten, 2008; Schultheis, Matheis, Nead, & DeLuca, 
2002). 
Tableau 7: Atteinte pouvant limiter la capacité à conduire 
Fonctions potentiellement altérées suite à 
unTCC 
Exemple dans le contexte de la conduite 
automobile 
Fonctions cognitives requises pour la conduite automobile 
46 
Attention (divisée, sélective et soutenue) Identifier les stimuli importants provenant 
de l' environnement. 
Mémoire (court terme, long terme) Se souvenir de la signification des signes 
sur les panneaux routiers. 
Temps de réaction complexe Modifier la trajectoire du véhicule en 
réponse à un évènement sur la route. 
Poursuite visuelle et habileté visuospatiale Connaitre la distance entre le véhicule et un 
autre objet. 
Fonctions exécutives Effectuer un virage à gauche sur une 
intersection avec des arrêts obligatoires. 
Traitement de l'information visuelle 
Fonctions motrices et sensorielles requises pour la conduite automobile 
Habileté motrice globale, coordination, 
dextérité, amplitude de mouvement, force , 
flexibilité -
Temps de réaction 
Acuité, champ visuel, sensibilité aux 
contrastes, récupération lors 
d' éblouissement, perception 
Fonction auditive 
Contrôle du véhicule (virages, freinage, 
changements de vitesse, etc.) 
Freiner en réponse à un évènement sur la 
route. 
Distinguer les voitures, lire les panneaux, 
voir les lumières. 
Adaptation de: Canadian Council of Motor Transport Administrators. (2013). Determining Driver Fitness in Canada: 
Part 1: Administration of Driver Fitness Programs and Part 2: CCMTA Medical Standards for Drivers CCMTA 
Reporls(Edition 13), 1-317. 
L'entraînement des capacités à conduire sur simulateur de conduite automobile 
L' utilisation du simulateur de conduite lors de l' évaluation des capacités à 
conduire des patients ayant subi un TCC permet d 'obtenir des mesures valides permettant 
d' évaluer la performance de conduite à long terme (Lew et al. , 2005). Très peu 
d' évidences démontrent le transfert de l' amélioration des capacités cognitives aux 
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activités quotidiennes telle la conduite suite à la réadaptation. Ainsi , la prédiction des 
. capacités à conduire à l' aide des différents tests cliniques peut s ' avérer invalide lors du 
transfert de l' habileté vers la situation réelle (Tamietto et al. , 2006). Dans ce sens, 
l' utilisation du simulateur de conduite pourrait représenter une avenue thérapeutique et 
évaluative intéressante puisqu 'elle permet une stimulation cognitive dans un 
environnement écologiquement compatible pouvant être modulé et où les données 
peuvent être enregistrées (Lew et al. , 2005). De plus, très peu de recherches cliniques ont 
porté sur l'efficacité de la réadaptation à conduire sur simulateur de conduite automobile. 
L' article 2 fait état des connaissances sur l' utilisation des simulateurs de conduite 
automobile lors de l' évaluation et la réadaptation des habiletés de conduire chez les 
individus ayant subi un TCC. L' article 3 présente le cas d ' une femme de 20 ans chez qui 
un entraînement des habiletés de conduite fut mené sur simulateur de conduite. 
Article 2: Driving assessment and rehabilitation using a driving simulator in 
individuals with traumatic brain injury: a scoping review 
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RÉSUMÉ 
Introduction. En raIson de l'hétérogénéité de la lésion pouvant être induite 
suivant un traumatisme craniocérébral (TCC) et de la complexité de la tâche de conduite, 
l'évaluation et la réadaptation des habiletés de conduire chez les personnes ayant subiun 
TCC sont complexes. L' évaluation conventionnelle des habiletés de conduite (sur route et 
en clinique) n' a pas démontré son efficacité quant à l' évaluation de la performance de 
conduite des individus ayant subi un TCC. 
Objectif. Nous avons cherché à déterminer si les simulateurs de conduite 
représentent une avenue intéressante pour l'évaluation et la réadaptation des habiletés de 
conduite chez les individus ayant subi un TCe. 
Méthode. Une recherche des articles publiés depuis 2000 ayant comme contenu 
l'évaluation et la réadaptation des habiletés de conduite à l' aide d' un simulateur de 
conduite fut effectuée sur les bases de données PubMed, CINAHL et Cochrane entre le 
27/02/2014 et le 04/0812014. 
Résultats. Des 488 articles répertoriés, seuls huit articles ayant comme sujet 
l' évaluation de la conduite à l' aide d' un simulateur et deux traitants de réadaptation sur 
simulateur de conduite chez les individus ayant subi un TCC ont été retenus. 
Conclusion. Les simulateurs de conduite représentent une avenue prometteuse 
pour l'évaluation et la réadaptation des habiletés de conduite chez les personnes ayant 
subi un TCC. Ceux-ci permettent le contrôle des stimuli dans un environnement 
sécuritaire, stimulant et écologiquement valable et offrent la possibilité de mesurer et 
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d'enregistrer les performances de conduite. Cependant, le nombre insuffisant d'études ne 
permet pas d'apprécier pleinement l'efficacité de cette méthode. 
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ABSTRACT 
Introduction. Due to the heterogeneity of the lesion following a traumatic brain 
injury (TB!) and the complexity of the driving task, driving assessment and rehabilitation 
in TB! individuals is challenging. Conventional driving assessment (on-road and in-clinic 
evaluations) has failed demonstrating effectiveness to assess fitness to drive in TB! 
individuals. 
Objective. We aimed to determine if driving simulators represent an interesting 
opportunity in assessing and rehabilitating driving skills in TB! individuals. 
Methods. We searched PubMed, CINAHL and Cochrane library databases 
between 27-02-2014 and 08-04-2014 for articles published since 2000 with the contents 
of simulator driving assessment and rehabilitation. 
Results. Out of 488, only eight articles with the subject of simulator driving 
assessment and two with the subject of simulator driving rehabilitation in individuals 
with TB! were reviewed. 
Conclusion. Driving simulators represent a promising avenue for the assessment 
and rehabilitation of driving skills in TB! individuals as it allows control of stimuli in a 
safe, challenging and ecologically valid environment and offer the opportunity to 
measure and record driving performance. An insufficient number of studies, however, do 
not allow to fully appreciate the effectiveness of this method. 
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Introduction 
Traumatic brain in jury (TB!) is a considerable public health problem that has the 
potential of resulting in long-term disability (Canadian Council of Motor Transport 
Administrators, 2013; Canadian Institute for Health Information, 2006). TBI includes aU 
grade of injury ranging from no visible abnormality to the brain on medical imagery 
(mild TB!) to dramatic haematomas in severe cases of brain injury (World Health 
Organisation, 2006). Clinical evidences have shown that TBI can significantly impair 
multiples areas of physical, cognitive and social functioning (Canadian Institute for 
Health Information, 2006). It has been shown to interfere with numerous activities of 
daily living such as domestic chore, worklschool participation and driving (Bottari et al., 
2012; Canadian Council of Motor Transport Administrators, 2013; Ponsford et al., 2014). 
Driving is a complex cognitive and perceptual-motor taking place in a complex 
environment. It requires integration of multiple abilities (Bivona et al., 2012; Bottari et 
al., 2012; Brouwer et al., 2002; Canadian Council of Motor Transport Administrators, 
2013; Canadian Institute for Health Information, 2007; Galski, Bruno, & Ehle, 1992; 
Hawley, 2001; Lane & Benoit, 2011; Lew et al., 2009; Novack et al., 2006; van Zomeren, 
Brouwer, & Minderhoud, 1987), particularly operational (basic driving skiUs as lateral 
positioning and speed control) and tactical level of control Gudgment and anticipation) 
(Bottari et al. , 2012; Lundqvist & Alinder, 2007). Therefore, TBI may affect specific 
cognitive, motor and sensory functions that have been identified as "needed for driving" 
by the Canadian Council of Motor Transport Administrators (CCMTA) as: attention, 
memory, executive functions, processing speed, visual field, reaction time, mood, sleep, 
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etc. fi a transient or persistent manner (Canadian Council of Motor Transport 
Administrators, 2013). 
The prerogative of driving is a strong symbol of independence and autonomy 
(Berger, Rosner, Kark, & Bennett, 2000; Canadian Medical Association, 2012; Rapport 
et al. , 2008). Although the majority of people with a mild TBI resume driving within a 
short period (Preece, Geffen, & Horswill, 2013), only 40-60 % return to driving after 
moderate-to-severe TBI within 5 years after the event (Bazarian et al. , 1999; Bivona et 
al., 2012; Canadian Council of Motor Transport Administrators, 2013; Coleman et al. , 
2002; Fisk et al., 1998; Leon-Camon et al. , 2005; Nalder et al., 2012; Novack et al., 
2010; Rapport et al. , 2008). Ponsford et al. (2014), exarnined aspects of daily living that 
were affected by TBI in 141 individuals with mild-to-severe TBI at 2, 5 and 10 years post 
injury. More than 50 % resume driving at 2 years and 70 % at 5 to 10 years after the 
injury, the majority of them did so without professional driving evaluation (Fisk et al. , 
1998; Leon-Camon et al. , 2005). This raised sorne concerns since those individuals with 
moderate-to-severe TBI continued to report neurological complains, cognition 
impairments, inappropriate social behavior and emotional disorders at ten years post 
injury (Ponsford et al. , 2014). These impairments can certainly compromise fitness to 
drive and can pose a risk to road safety. This emphasizes the need for effective clinical 
rehabilitation of driving abilities in this population. Driving simulators could represent an 
interesting therapeutic avenue because it allows cognitive stimulation in an ecologically 
compliant environment that can be modulated towards training requirements and provide 
objective measures that can be recorded to follow longitudinal status of the TB! 
individual (Lew et al. , 2009). The apparent severity of the original event may not 
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correlate with the degree of persisting cognitive dysfunction. People who recover poorly 
after suffering from a milder form of TBI (10-15 %) (Hartvigsen, Boyle, Cassidy, & 
Carroll, 2014; Vanderploeg, Curtiss, Luis, & Salazar, 2007; Willer & Leddy, 2006) may 
require further assessment as they may have persistent deficits and should not drive until 
medically cleared (Bazarian et aL , 1999; Bottari et aL, 2012; Canadian Medical 
Association, 2012; Classen et aL, 2009; Hartvigsen et aL, 2014; Preece, Horswill, & 
Geffen, 2010). When compared to healthy drivers implication in a motor vehicle collision 
was shown to be more than two times greater for TBI drivers up to 9 years post-injury 
(Bivona et aL, 2012; Formisano et aL, 2005; Leon-Camon et aL, 2005; Neyens & Boyle, 
2012; Rapport et aL, 2008; Schanke et aL , 2008; Schultheis et aL , 2002). Due to the 
heterogeneity of the les ion following a TBI and the complexity of the driving task, 
driving assessment and rehabilitation in TBI individuals is challenging. Conventional 
driving assessments (on-road and in-clinic evaluations) have failed demonstrating 
effectiveness to assess safe fitness to drive in TBI individuals. Interventions to evaluate 
fitness to drive after TBI have been reviewed recently by Ortoleva et al. (2012) and by 
Classen et al. (2009) and in population with chronic conditions by Marino et al. (2013), 
Lundqvist et al. (2011), and Vrkljan et al. (2011). Several authors support the use of 
driving simulator as a valid method to assess fitness to drive when compared to an on-
road assessment in healthy drivers (Bedard, Parkkari, Weaver, Riendeau, & Dahlquist, 
2010; Chan, Pradhan, Pollatsek, Knodler, & Fisher, 2010; de Winter et aL , 2009; 
Mayhew et aL, 2011; Shechtman, Classen, Awadzi, & Mann, 2009; Wang et aL, 2010). 
Driving simulators provides the potential to standardize the evaluation in order to obtain 
discriminant values to identify unfit drivers. Simulated environment offer safety in a near 
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reality environment and offer the possibility to submit the driver to complex and near-
crash driving conditions as proposed by certified driver rehabilitation specialists 
practicing in United States and Canada (Yuen, Brooks, Azuero, & Burik, 2012). 
The aim of this article is to review studies that have used driving simulators to 
assess and rehabilitate driving skills in individuals with TB!. 
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Metbodology 
We searched PubMed (via MEDLINE), CINAHL (plus with full text VIa 
ESBCO), Cochrane library and SCOPUS (Elsevier) databases between 27-02-2014 and 
02-11-2014 for articles published since 2000 with the contents of driving assessment and 
rehabilitation using the following key words: "assessment", "rehabilitation", "training", 
"brain in jury", "TBI", "driving simulator" and "virtual reality". 
Selection criteria 
Articles were selected based upon two principal outcomes: firstly, the assessment 
of fitness to drive and/or the impact of specifie impairments on driving abilities in a 
driving simulator and secondly, the use of a driving simulator as a driving-specific 
rehabilitation device after TB!. 
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Results 
The initial search yielded 488 articles (Figure 3). Once collected for analysis, 105 
articles were selected based upon their title for further investigation based on the 
presence of the combination of the key word (brain injury/TBI) and one of the following 
key word: "assessment", "rehabilitation", "training", "driving simulator" and "virtual 
reality". Further reading of the abstracts led to exclu ding 87 articles due to irrelevancy to 
the present literature review. The main exclusion criteria were: the absence of driving 
simulator as a device to assess driving skills, the absence of the use of driving simulator 
in the rehabilitation process and an irrelevance on the nature of the brain injury (non-
traumatic injury). Eighteen articles were selected for complete reading. Eight studies 
were excluded after complete reading because the y did not correspond to predetermined 
selection criteria: review (n = 2), use of virtual reality without a driving task (n = 2), 
validation ofmethod or theoretical framework (n = 3), irrelevant (n = 1)). Therefore, ten 
studies satisfied the criteria of the present review. Contents from these studies are 
summarized in Table 8. To facilitate the presentation of results the following terms will 
be used: "fitness to drive" will refer to the overall driving performance and "driving skill" 
will refer to one component of driving performance (for example, lateral control of the 
vehicle). 
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Using a driving simula/or for assessing driving in TBl individuals 
Eight articles with the subject of driving simulator as a device for assessing 
driving in individuals with TB! were reviewed for this study. Of the se, two studies 
evaluated the effectiveness of the driving simulator tb predict overall on-road fitness to 
drive. The remaining six papers used driving simulators to assess specifie driving skills in 
TBI population. 
Using driving simulator to predict on-road fitn ess to drive 
Huchler et al. (2002) studied if driving simulator assessment is a suitable method 
to predict the outcome ("passed or failed") of an on-road driving evaluation in 33 
participants with cerebral damage due to TBl, cerebrovascular disorder or removed brain 
S9 
tumor. Their sample consisted of a population varying from 4 to 448 weeks (mean 45.03 
week) post injury. During the in-simulator and the on-road driving, behavior was 
assessed by a neuropsychologist and a driving teacher (security distance, signaling, filter 
into a stream of traffic, getting into lanes, speed ad justm en t, lateral position control, 
securing, attention to road signs, static and dynamic dangerous traffic situations). The 
overall fitness to drive was rated on a scale from 1 to 6 (1 representing excellent fitness 
and score of 5 and 6 an insufficient driving fitness). The outcome of the on-road driving 
evaluation ("passed or failed") was predicted by the on-simulator driving test with an 
accuracy of 84.8 %. 
Lew et al. (2005) evaluated whether in-simulator assessment and on-road 
assessment could predict long-term driving performance in Il individuals with moderate-
to-severe TB!. An automatic report of the driving performance was provided after the 
simulator driving as a Simulator Performance Index (SPI). This report served to evaluate 
fitness to drive using different variables (speed, speed variability, acceleration variability, 
speed jerk, red-light violation, lane position error on straight and curved roads, lane 
position variability, steering jerk, collisions and deviation off-road). Driving performance 
inventory (DPI) scale enable an extemal observer to rate driving performance (steering 
wheel control, throttle and brake pedals control, speed, lane position, breaking reaction 
time, lane changes, turns, merging into traffic, respect of signs and signaIs, following 
distance, safety, decision making, emotional stability) as 2 = Good, 1 = Fair and 0 = 
Unsafe. This 14-items scale was used by a trained research assistant during the in-
simulator evaluation, by the driving program manager who conducted the on-road test 
and by a parent or sibling of each TB! participant during a 3-hours observation at follow-
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up to assess long-term fitness to drive. Simulator automated trial outcome significantly 
correlated with DPI at follow up and demonstrated an overall predictive efficiency of 82 
%. Interestingly, the on-road DPI score was not significantly correlated to the in-
simulator DPI score, the automated simulator performance index (SPI) or the driving 
performance at follow-up. Motor vehicle collisions reported at follow-up seemed to tend 
to a lower score on the automated simulator measures. Thus, the automated simulator 
performance measure was more sensitive in predicting fitness to drive than on-road 
observatory rating. 
Only two studies used performance in a driving simulator to predict on-road 
fitness to drive in trauma tic brain injured drivers. It remains unclear in what measure in-
simulator assessment can predict on-road evaluation outcome. Lew et al. (2005) showed 
no significance between the in-simulator and the on-road driving assessment while 
Huchler et al. (2002) demonstrated that the simulator could predict on-road driving 
assessment outcome with an efficiency of 84.8 %. Results from these studies suggested 
that in-simulator automated assessment may be as sensitive as on-road observatory rating 
to predict long term driving performance in TBI individuals. 
Using driving simulator to assess sp ecifie driving skills 
Most of the studies listed for the present article used a driving simulator to assess 
and compare driving skills between healthy and TBI drivers. Lew et al. (2005) compared 
TB! driver's automated simulator measures to normative data of 16 healthy controls. 
They evaluated speed control (speed, speed variability, acceleration, speed jerk, red-light 
violation) and direction control (lane position, lane position variability, lane position 
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error, steering jerk, deviation, collision). TBI individuals performed four standard 
deviations (SD) below normative values on general automated simulator measures and on 
the DPI score. Furthermore, TBI drivers missed significantly more signaIs on divided-
attention task and made more traffic violations than healthy controls. 
Schultheis et al. (2006) compared performance at intersections between 15 
acquired brain injured (ABI) individuals (10 with moderate-to-severe TBI and 5 who 
experienced a stroke or a cerebrovascular accident (CVA)) and 9 healthy controls (HC). 
Driving performance was evaluated at stop sign zones on three intersections (7.6 m 
before and after each stop sign). Performances at the third stop sign differed slightly 
between groups. 32 % of HC and 40 % ABI participants did not executed a full stop. 
Distance from stop sign was respectively of 6.71 m and 8.23 m for the HC and ABI 
groups. Both groups shorted their mean stop duration of3 .8 sec for the HC group and 2.7 
sec for the ABI group. Approaching and departing speed did not differ between groups 
(HC = approaching: 11.27 kmIh and departing: 27.36 kmlh, ABI = approaching: 11.27 
kmIh and departing: 27.36 kmIh). Unfortunate1y, the absence of p values in the results 
section do es not allow to appreciate the significance of the differences presented. 
More recently, Milleville-Pennel et al. (2010) used a driving simulator to assess 
visual exploration in five TBI participants. When compared to healthy control s, TB! 
participants showed longer eye-fixation durations while driving in a straight section and 
spent more time in the nearest part of the visual scene to the detriment of the farthest 
visual zones. While turning, TBI participants spent less time looking to the tangent point 
zone in benefit of nearer visual exploration zone which may affect trajectory control). 
Finally, as TBI driver spend more time in nearer visuals zones (trajectory control) they 
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may spend less time for looking to the mirrors, speedometer and environment which can 
potentially affect anticipation control. The authors attribute these differences in visual 
search to neuropsychological impairment. 
With the aim of describing driving errors in mild TBI and post-traumatic stress 
disorder (PTSD) population, Classen et al. (2011) compared 18 veterans (13 men, 5 
women) diagnosed with mild TBI or PTSD to 20 control participants (6 men, 14 women) 
on a driving simulator. Driving errors were recorded as vehicle positioning, visual 
scanning, speed regulation, lane maintenance, signaling, adjustrnent to stimuli and gap 
acceptance. Differences in speed regulation (over speeding) in the mild TBIIPTSD group, 
that may be attributable in part to age and adjustrnent-to-stimuli, were significantly 
different compared to control group. Except for signaling that was higher in the control 
group, other error types were not significantly different between mi Id TBI and PTSD 
drivers. 
Driving simulators also have been used to establish if driving skills may be 
affected by TB! specific impairment. Lengenfelder et al. (2002) studied the influence of 
divided attention on speed control in 3 men who experienced moderate-to-severe TB! 
compared to control participants (matched for sex, age and education). They designed 
five driving divided attention conditions: one baseline and four divided attentions 
condition ranging from simple (numbers presented in the center of the screen) to complex 
(number presented in random locations) task where the number were presented at 2.4 or 
0.6 second intervals. Participants were required to drive and say out loud the number after 
their appearance on the screen. Compared to control participants, driving speed did not 
differ in any of the divided attention conditions. As weIl, the error rate for the secondary 
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task for both the simple and complex conditions did not vary between TBI and control 
participants. 
Lane maintaining is a component of driving performance. Chaumet et al. (2008) 
investigated how fatigue could affect standard deviation (SD) of the vehicle position from 
the center of the road in 22 severe TBI individuals during a one hour in-simulator drive 
when compared to healthy controls (n = 22). Chronic fatigue was assessed using a seven-
point Fatigue Severity Scale (score > 32). Participants with TB! had a higher mean 
fatigue severity score than controls. The SD of the vehicle position was greater for 
participants with TBI than in control group which indicate poorer vehicle control. 
Cyr et al. (2009) investigated the role of divided attention and speed of processing 
on crash rate in individuals with moderate (n = 2) to severe (n = 15) TBI when compared 
to healthy controls (n = 16) in high-crash-risk simulated road events. No relationship was 
found between reaction time and crash rate and between processing speed subtest and 
divided attention subtest of the UFOV. Reaction time in response to a dual task correlates 
significantly with crash rate in TBI individuals but not in the control group. TB! 
individuals didn ' t differ significantly from healthy controls in terms of dual task 
performance but crashed significantly more. 
Impact of attention impairment and fatigue caused by TB! on driving skills were 
studies in four studies. Traffic violations seem to be associated with divided attention 
impairments, when present. Furthermore, even if no significant differences were found in 
regard of performance to a divided attention test, Cyr et al. (2009) reported a higher crash 
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rate in TBI individuals. Significant impainnents were observed in visual exploration and 
in overall driving perfonnances scores. 
Using driving simulator for rehabilitation in individuals with TBl 
Only two articles mentioned usmg driving simulators as an opportunity for 
rehabilitation of driving skills in individuals with TB!. Cox et al. (2010) aimed to 
investigate the feasibility of simulator driving rehabilitation training with specific 
feedback among eleven men from military personal recovering from TB!. Six were 
randomly assigned to the rehabilitation group and received four to six, 60-90 min 
individualized rehabilitation training session of driving skills on a driving simulator and 
residential rehabilitation. In-simulator driving rehabilitation involved alternating between 
driving in a virtual environment (3 miles of rural, 5 miles of highway and 4 miles of 
urban driving) and playing a racing game that progressively increase in complexity. 
Driving skills such as lane positiomng, speed control, steering through tums, brake 
control, dealing with unexpected events, following road rules and follow simulator 
instruction were assess by an external observer in a composite score. Five controls 
received residential rehabilitation only. Authors reported that the composite score 
significantly improved for the rehabilitation group but not in controls. Road rage 
questionnaire score and Cox assessment of risky driving questionnaire score improved 
only in the rehabilitation group. No differences were observed for the control group on 
both questionnaires. 
Garnache et al. (2011) published a case study of a 23-years-old woman whose 
driving licence was revoked after sustaining a severe TB!. The program included 25 
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training sessions in-simulator over a period of four months. Driving-specific feedback 
about visual inspection and vehic1e control were given before each simulator session. 
Time to complete the scenario went from 2012 seconds to 1650 seconds at the last 
session. At 1-year follow-up, she needed 1751 seconds to complete the scenario. 
According to the authors, this performance was comparable to that of young and healthy 
drivers of a similar age. At first, the lateral position of the vehic1e was deviated to the left 
(tendency to drive towards the dividing lane) when driving on a straight line and when 
approaching intersection. Although this tendency decreased with training, it still was 
present while approaching intersections in the l-year post-training retention session but 
SD of the lane position was within normal values. Reaction time to an auditory signal 
was recorded to assess attentional demand while driving. Mental workload for specific 
driving contexts decreased significantly with training. For instance, reaction time to the 
auditory stimuli decreased by more than 100 ms when approaching intersections. No 
difference was observed in a baseline condition (reaction time without driving). This 
improvement was maintained at the l-year follow-up. Speed profiles while approaching 
intersections also improved. Initially, the profiles were characterized by several breaking 
periods often followed by accelerations. Through trainings, theses irregularities 
disappeared and the speed profile was characterized by a single breaking period starting 
at 5-7 seconds before a complete stop. This normal breaking behavior was retained at the 
1-year retention test. 
Only two studies aimed to use in-simulator rehabilitation of driving skills in TBI 
individuals. Studies demonstrated driving skills improvement following in-simulator 
training. An insufficient number of participants do not allow the generalization of results. 
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Table 8: Included studies description 
Authors Study objective Population Driving simulator Main outcomes Assessmentl Key findings 
rehabilitation 
procedure 
Assessing driving abilities 
Classen et al.(20 11) Determine Veterans with mild Driving simulator -Simulation In-simulator Combat veterans 
differences in TBI and PTSD (n = integrated in a 1997 Sickness assessment of 15 made more critical 
driving errors 18) (27.00 ± 5.477 Dodge Neon on a Questionnaire minutes (simulated driving errors as 
between veterans years old). computerized -Measured driving road course with 8 overspeeding end 
with mild Controls (n = 20) platform with the errors as: vehicle intersections ). adj ustment -to-
TBIIPTSD and (33.70 ±5.75 years STISIM Drive positioning, lane stimuli. 
healthy controls. old). Model500W maintenance, speed 
At the time of (Systems regulation, visual 
testing ail Technology, Inc.) scanning, etc. 
participants with three channel 
possessed a valid projected images on 
driver' s license or 0.91 x 1.83 m 
eligibility for a screens and audio 
driver's license. feedback. 
Milleville-Pennel et Assess the visual Males between 35- Driving simulator -Neuropsy- 6 progressives laps Reduction in the 
al. (2010) exploration of TBI 50 years old with software Sim2 chological tests on a driving variety and the 
individuals while TBI (n = 5) mean of (INRETS, MSIS) (TAP,WAIS III, 02, simulated distance of explored 
driving. 12 years post-injury coupled with a Stroop Color Word environment. visual zones in 
(GCS ~ 8/15). * fixed-base driving Test, BADS, TMT) individuals with 
Controls (n = 6). simulators (gearbox, -Eye movement TBI. 
Ail drove in regular steering wheel , tracking (percentage 
basis at the time of brake, accelerator oftime spent in 6 
testing. and speedometer). visual zones, 
Visual scene duration of eye 
projected on a 3.02 fixation) 
x 2.28 m screen. 




Authors Study objective Population Oriving simulator Main outcomes Assessment/ Key findings 
rehabilitation 
Qrocedure 
Cyr et al. (2009) Examine the role of Individuals with STISIM (Systems -Cognitive testing 20 minutes training TBI group crashed 
impaired divided TB! (n = 17) most Technology, lnc.) (UFOV, WAIS-III, session to significantly more 
attention and speed had experienced a drive software that WMS-III, NASA- familiarize that control group. 
of processing in TBI severe brain injury displayed a TLX) participants. The crash rate 
drivers in reaction (n = 15) mean of 6.3 simulated road-way -Crash rate 4 scenarios with correlates with the 
to high-crash risk years post injury on a screen which -Reaction time challenging driving dual-task 
events. (39.5 ± 11.0 years provides a 80 situations. performance. 
old). degree field of view 
Controls (n = 16). and realistic audio 
At the time of effect. Oriving 
testing ail simulator include: 
participants held a steering wheel, 
valid driver's brake, accelerator, 
license. flasher and rear-
view mirrors. 
Chaumet et al. Investigate how Individuals who Real car equipped -Sleep and fatigue 1 hour session on a Fitness to drive was 
(2008) fatigue affects experienced severe with Oriving tests (MWT, FSS, virtual reality worse in TBI 
fitness to drive in TB! (n = 22) simulator three- ESS) highway. individuals. Fatigue 
TBI individuals. between 6 to 12 dimensional -Fitness to drive scores and body 
months post in jury. software (INRETS, measure by the mass index can 
Matched for sex and MSIS, Paris, standard deviation predict driving 
age controls (n = France). from the center of fitness to drive. 





Authors Study objective Population Driving simulator Main outcomes Assessmentl Key findings 
rehabilitation 
~rocedure 
Schultheis et al. Examine specific Individuals with Steering wheel , -Driving 25-35 minutes Driving 
(2006) driving performance acquired brain gaslbreak foot performance at stop custom designed performance differ 
related to injury (38.8 years pedals (Microsoft sign zone (25ft simulator course. between the two 
intersections in TBI old) : moderate to Sidewinder), head before and after stop groups. Virtual 
drivers with virtual severe TBI (n = 10) mounted display sign): full stop, reality may provide 
reality driving and cerebrovascular Proview ™ XL50 distance from stop, helpful information 
simulator. accident or stroke (n Virtual Reality time, approaching while examining 
= 5) matched for Display headset and departing speed. driving capacity in 
age and driving (Kaiser Electro- neurological 
experience controls Optic, Inc.) and compromised 
(n = 22). desktop computer. individuals. 
At the time of 
testing all 
participants held a 
valid driver' s 
license. 
Lew et al. (2005) Evaluate whether Individuals with Systems -In-simulator Baseline: Simulator-based 
driving simulator moderate to severe Technology driving -In-simulator assessment can 
and road test TB! (n = II) 2 to 25 Incorporated (STI® performance: 1) assessment (3 provide ecological 
evaluation can months post in jury version 8.16) table- Simulator increasing levels of valid measures than 
predict long term (29 ± 12 years old). mounted steering Pelformance Index difficulties road may be more 
fitness to drive. Controls (n = 16) wheel , accelerator (12 in-simulator courses), sensitive than 
(36 ± Il years old). and brake pedals, measured driving -On-road traditional on- road 
At the time of speakers and PC parameters) 2) assessment. test to predict long 
testing all monitor. Observational term fitness to drive 
participants held a Driver Performance in TBI individuals. 





Authors Study objective Population Oriving simulator Main outcomes Assessment/ Key findings 
rehabilitation 
Erocedure 
Huchler et al. Examine whether 33 individuals with No description -Fitness to drive -90 minutes in- The outcome of the 
(2002) the driving brain injury available. assessed by a simulator driving on-road assessment 
simulator is a ( cerebrovascular neuropsycho 1 ogist session on country (pass or fail) can be 
suitable diagnostic disorders, traumatic and a driving road, highway and predicted by the in-
and therapeutic brain injury or teacher (only for the urban roads, simulator 
device. completely removed on-road assessment) -90 minutes on-road assessment with 
tumors) with mean on a 6 point scale assessment. 84.8% of accuracy. 
period of illness of for 10 driving 
45 weeks (45.56 ± behaviors, 
10.81 years old). -Self-evaluation of 
At the time of fitness to drive. 
testing participants 
had to own a 
driving license. 
Lengenfelder et al. Investigate the 3 men who PC computer with -Baseline: driving Virtual reality may 
(2002) influence of divided experienced 21-inch monitor Neuropsychological without the provide medium for 
attention on driving moderate to severe screen equipped measure (Auditory secondary task, evaluating basic 
performance. TBI mean 12.67 with a steering Consonant -Oriving with cognitive function 
years post injury (38 wheel and gas/brake Trigrams,.PASAT), secondary task and its impact on 
± 3.46 years old). pedals. Useful Field of (attending to everyday task. 
Participants were View, Oriving numbers in the 
driving or in process Oivided Attention driver' s visual field) 
of receiving driving Task. in 4 divided 
evaluation to attention cOQdition. 
reinstate their 
driving license at 




Authors Study objective Population Driving simulator Main outcomes Assessment/ Key findings 
rehabilitation 
procedure 
Rehabilitating driving abilities 
Garnache et al . Report the case of a Case report of a 23- Fixed-based open -Basic simulator 25 in-simulator Various 
(2011) woman who went years-old woman cab powered by data, training sessions in comportments of 
through an in- who experienced STISIM Drive 2.0 -Lateral position, with specific driving were 
simulator training severe TBI (her (System -Attentional feedback (58 min). improved by the 
program in order to driving license was Technology Tnc. , demands, Periodic evaluation simulator training. 
improve her driving revoked after the Hawthorn, USA) -Speed profiles. with a specific Most ofthem were 
abilities after accident) . drive software that scenario on 12 of consistent at 
suffering from a displayed a the 25 sessions and retention test. 
TBf. simulated road-way 1 year long-term 
on a screen (1,45 x retenti on 
2 m) and auditory assessment. 
stimuli . 
Cox et al. (2010) Investigate the Military personal Mode T3 driving -Road Rage 4 to 6, 60-90 Driving skills 
feasibility of recovering from simulator which Questionnaire, minutes improved 
simulated driving TBI (n=ll). provides 1800 field -Assessment of rehabilitation significantly in the 
rehabilitation 5 of them were of view with rear Risky Driving sessions of 12 miles in-simulator driving 
training. assigned to control and side view Scale, course that involve rehabilitation group. 
group (residential mirror image, -Driving skills rural , hjghway and Theyalso 
rehabilitation) (21- brake/gas pedal, (evaluated by an urban driving demonstrated 
39 years old) . turn signal, steering externalobserver) . segments. diminution in road 
6 were in the virtual wheel and air Pre and post rage and risky 
reality driving conditioner. simulator driving driving 
rehabilitation and assessment. questionnaires 
residential results. 
rehabilitation group 
(23-31 years old). 
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Discussion 
Using driving simulator for driving assessment 
Driving simulators have been used with different populations to assess driving 
skiIls (Akinwuntan et al. , 2005; Akinwuntan, Wachtel, & Rosen, 2012; Cantin, 
Lavalliere, Simoneau, & Teasdale, 2009; Chan et al. , 2010; de Winter et al. , 2009; 
Kotterba, Orth, Eren, Fangerau, & Sindem, 2003; LavaIliere, Laurendeau, Simoneau, & 
Teasdale, 2011 ; Lee, Cameron, & Lee, 2003; Marcotte et al. , 2008; Mayhew et al. , 2011 ; 
Reimer, D'Ambrosio, Coughlin, Kafrissen, & Biederman, 2006; Shechtman et al. , 2009; 
Wang et al. , 2010). Very little research has been conducted to examine validity of a 
complete assessment of fitness to drive in TBI population. From aIl articles reviewed, 
only two studies have demonstrated effectiveness of driving simulator to assess fitness to 
drive among TB! population (Huchler S, 2002; Lew et al. , 2005). The limited number of 
studies and the quality of the methodology of sorne studies make it difficult to draw a 
clear conclusion. As an example, sorne studies did not describe the assessment method 
and the participants' characteristics (for instance, driving habits, number of days post-
injury and the severity of the injury). Since recovery possibilities are unknown, it seems 
important to take into account TBI drivers characteristics when analyzing results from 
driving assessment. Moreover, when considering driving habits, almost every individual 
assessed as part of the studies presented in our review held a valid driving license and a 
lot were driving on a regular basis. This is conceming since almost aIl studies reported 
impairments that impact fitness to drive. It is weB known that, even in its milder form, 
TB! can cause long term disability (Canadian Institute for Health Information, 2006, 
2007; World Health Organisation, 2006). Therefore, injury severity and time post-in jury 
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may affect the type and severity of the impairments. Only one study reviewed for this 
article assessed individuals with mild TBI (Classen et al. , 2011). Their results showed 
that drivers with mild TBI made more driving errors than healthy drivers. 
The use of the on-road assessment as a standard measure is controversial since 
this evaluation is based on subjective observations in a limited environment and on a 
short period oftime (Amick, Kraft, & McGlinchey, 2013; Canadian Medical Association, 
2012; Di Stefano & Macdonald, 2003; Marshall, Man-Son-Hing, Molnar, Hunt, & 
Finestone, 2005; Scottish Intercollegiate Guideline Network, 2013; Tamietto et al. , 
2006). Since on-road evaluation is considered as the "gold standard" in most Canadian 
jurisdictions (Canadian Council of Motor Transport Administrators, 2013; Canadian 
Medical Association, 2012; Komer-Bitensky, Bitensky, Sofer, Man-Son-Hing, & 
Gelinas, 2006), the reliability of driving simulator assessment to the on-road testing is of 
outmost interest. Most studies reviewed did not validate in-simulator assessment with an 
on-road evaluation. From those who did, Huchler et al. (2002) and Lew et al. (2005) 
demonstrated the effectiveness of this method to predict on-road fitness to drive in TBI 
individuals. Moreover, Lew et al. (2005) showed that an automated simulator 
performance measure related to driving skills was more sensitive in predicting long term 
fitness to drive that an on-road assessment observatory rating in TBI individuals. Brain 
injured individuals may compensa te their deficit on a short period of time; furthermore, 
the lack of critical event during the on-road evaluation may falsely indeed assessment 
success in this population. Driving sirnulators have shown to be an effective and val id 
method to predict on-road driving performance (Bedard et al. , 2010; de Winter et al. , 
2009; Mayhew et al. , 2011 ; Reirner et al. , 2006; Shechtman et al. , 2009; Wang et al. , 
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2010) and that in-simulator performance may effectively predict collision rate (Hoffman 
& McDowd, 2010). Kraft et al. (2010) and Schultheis and Rizzo (2001) reviewed 
parameters that are most relevant in driving simulation literature assessment. Driving 
simulators offer a promising method for fitness to drive assessment as they can provide 
challenging driving scenarios and accurate measurements that may help to detect critical 
driving errors in a secured and ecologically valid environment. 
Using driving simu/ator for driving rehabilitation 
Very little evidences demonstrate the transfer of improved cognitive abilities 
during in-clinic training in instrumental activities of daily living such as driving after 
rehabilitation process (Lew et al., 2009; Lustig, Shah, Seidler, & Reuter-Lorenz, 2009). 
Specific training requesting simultaneous integration of cognitive functions may improve 
the transfer of the abilities to the task. Although the majorities of reviewed studies focus 
on assessment of driving skills and predicting fitness to drive using a driving simulator, 
driving simulation also off ers the opportunity to repeat learning trials and gradually 
increase task demands by increasing the complexity of manoeuvres. Functionally relevant 
driving simulator training may increase transfer to on-road driving (Akinwuntan et al., 
2012; Schultheis & Rizzo, 2001). This review identified only two articles aiming at 
rehabilitating driving skills in a TBI population. These two studies demonstrated 
improvements of driving skills following an in-simulator rehabilitation training. More 
studies are needed to confirm the potential this method to improve fitness to drive in TBI 
population. 
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Driving simulator may be more effective than traditional methods to predict 
fitness to drive outcome (Akinwuntan et al., 2012; George, Crotty, Gelinas, & Devos, 
2014; Lew et al., 2005). In-simulator training should be considered in driving 
rehabilitation as it may improve ability transfer to the real task which in-clinic 
rehabilitation have failed to demonstrate (Lew et al., 2009; Lustig et al., 2009). Finally, it 
is known that TBI drivers develop coping strategies over time (Lundqvist & Alinder, 
2007). Driving simulator may provide objectives measures in an ecologically but 




Driving simulators provides ecologically valid environment; enable the 
measurement as weIl as recording of driving parameters and control of stimuli; can be 
used to evaluate the individual in risky situations in a safe setting; allows the 
individualisation of training; and, enable the standardization and objectivity of the 
evaluation process or rehabilitation. Several authors agree on the potential of driving 
simulators for the assessment and rehabilitation of TBI drivers. Although an insufficient 
number of studies have investigated the potential of driving assessment and rehabilitation 
in individuals with TBI using a driving simulator, it seems that this approach is 
promising. Considerable research efforts are needed to assess the potential and validity of 
rehabilitation methods using driving simulators in this population. 
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RÉsuMÉ 
Introduction. Le traumatisme craniocérébral (TCC) cause des déficits 
fonctionnels pouvant interférer de manière significative avec de nombreuses activités de 
la vie quotidienne telles que la conduite automobile. Cette étude rapporte le cas d ' une 
femme de 20 ans ayant perdu son permis de conduire après avoir subi un TCC modéré. 
Objective. Nous avons cherché à évaluer l'efficacité d'un programme de 
réadaptation en simulateur de conduite avec rétroactions automatisées sur les 
performances de conduite d ' un individu ayant subi un TCC. 
Méthode. Une femme de 20 ans fut recrutée à l'Institut de réadaptation en 
déficience physique de Québec (IRDPQ) après avoir échoué l'évaluation sur route 
permettant d'apprécier ses habiletés de conduite. La participante a effectué une 
évaluation initiale en simulateur ainsi que Il sessions d' entrainement avec rétroactions 
spécifiques automatisées en simulateur. Les performances de conduite (temps pour 
compléter le scénario, contrôle de la vitesse et positionnement latéral du véhicule) furent 
mesurées en simulateur. Une évaluation finale en simulateur fut conduite. 
Résultats. La durée des excès de vitesse a diminué de 1,50 ± 0,80 min (4,16 ± 
2,22 %) à 0,45 ± 0, 15 min (0,44 ± 0,42 %) lors des entraînements, mais est retournée au 
niveau initial suite au retrait des rétroactions. Le positionnement latéral du véhicule s ' est 
amélioré avec l' entraînement et s ' est maintenu lors du retrait des rétroactions 
automatisées. La durée des erreurs de conduite attribuées au positionnement latéral a 
diminué de 18.85 min (53.61 %) lors de l' évaluation initiale à 1.51 min (4.64 %) lors de 
l' évaluation finale. 
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Conclusion. Puisque le Tee induit des déficits fonctionnels pouvant affecter la 
capacité de conduite, il est impératif de développer des méthodes de réadaptation 
efficaces. Les simulateurs de conduite représentent une avenue thérapeutique 
intéressante. Des efforts considérables en recherche sont requis pour permettre de 




Introduction. Traumatic brain injury (TBI) causes functional deficits that may 
significantly interfere with numerous activities of daily living such as driving. This study 
reports the case of a 20-years-old woman having lost her driver's license after sustaining 
a moderate TB!. 
Objective. We aimed to evaluate the effectiveness of an in-simulator training 
program with automated feedback on driving performance in TB! individual. 
Methods. A 20-years-old woman was recruited at the Quebec City Rehabilitation 
Institute (IRDPQ) after failing the on-road evaluation assessing her fitness to drive in 
order to reobtain her driving license. The participant underwent an initial in-simulator 
driving assessment and Il in-simulator training sessions with driving specific automated 
feedbacks issued while driving. Driving performance (simulation duration, speed 
regulation and lateral positioning) was measured in the driving simulator. A [mal in-
simulator driving assessment was performed. 
Results. Speeding duration decreased during training sessions from 1.50 ± 0.80 
min (4.16 ± 2.22 %) to 0.45 ± 0.15 min (0.44 ± 0.42 %) but returned to initial after 
removing feedbacks. Lateral positioning improved with training and maintained after 
feedbacks removal. Time spend in an incorrect lateral position went from 18.85 min 
(53.61 %) in initial assessment to 1.51 min (4.64 %) on [mal assessment. 
Conclusion. Since TB! induces deficits that may affect driving ability, it is 
imperative to develop effective rehabilitation methods. Driving simulators represent an 
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interesting therapeutic avenue. Considerable research efforts are needed to confirm the 
effectiveness of this method in driving rehabilitation of individuals who sustained a TB!. 
81 
Introduction 
Traumatic brain injury (TBI) causes functional deficits that may significantly 
interfere with numerous activities of daily living such as driving (Bottari et al. , 2012; 
Canadian Council of Motor Transport Administrators, 2013; Canadian Institute for 
Health Information, 2006; Ponsford et al. , 2014). Access to driving is a strong symbol of 
autonomy (Berger et al. , 2000; Rapport et al. , 2008). Since driving requires operational 
(basic driving skills as lateral positioning and speed control), tactical Gudgment and 
anticipation) and strategic level of control (route planning) (Bottari et al., 2012; 
Lundqvist & Alinder, 2007; J. A. Michon, 1989) resuming driving following TBI may be 
challenging. Thus, only 40-60% of moderate-to-severe TB! individuals retum to driving 
(Bazarian et al. , 1999; Bivona et al. , 2012; Canadian Council of Motor Transport 
Administrators, 2013; Coleman et al. , 2002; Fisk et al. , 1998; Leon-Camon et al. , 2005; 
Nalder et al. , 2012; Novack et al. , 2010; Rapport et al., 2008). 
Case report 
We report the case of a 20-year-old woman who lost her driver's license after 
sustaining a moderate TB! in May 2013, after a car crash involving a deer. When 
transferred to intensive care, she presented a score of 10/1 5 on the Glasgow Coma Scale 
(OCS) (Teasdale & Jennett, 1974). Following the accident, she presented a post-traumatic , 
arnnesia, diffuse axonal injury with several bilateral petechiae, hemorrhagic bifrontales 
contusions mostly located in the right frontal lobe, an infringement of the third right 
cranial nerve, mild right optic neuropathy, left hemiparesis, balance impairment (43/56 
on Berg Balance Scale (BBS) (Berg, Wood-Dauphinee, Williams, & Maki, 1992)), 
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difficulty in performing activities of daily living (ADLs) and cognitive impainnents 
including: memory impairment, decline in audio-verbal and visual attention, decline in 
the ability of abstraction, reduced organizational capacity, decreased visuospatial 
abilities, cognitive fatigability and apathy. 
At the time of the accident, the participant held a Learner's License - Passenger 
Vehicle (Class 5) and had very little driving experience. Having failed her first attempt to 
the Probationary License - Passenger Vehicle (Class 5), she was planning to perfonn her 
second attempt to the Société de l 'Assurance Automobile du Québec (SAAQ) on-road test 
as required by Quebec' s provinciallegislation. 
In order to regain her Learner's License - Passenger Vehicle (Class 5) she had to 
obtain an evaluation certifying her functional capacity for driving. She underwent an in-
clinic assessment which revealed: mild post traumatic cognitive impainnents (i.e. 
cognitive fatigability that interferes with the sustained attention span, vigilance weakness 
generates a slow reaction time when stimuli appear slowly); sufficient muscle strength, 
range of motion and coordination; proper reaction time; sufficient overall perceptual-
cognitive functions for driving; and, sufficient behavior. Following this assessment, she 
received a 10-hour on-road driving training with a driving instructor and a 3-hour in-
simulator specific road rules learning with a driving instructor. Post trauma subject' s 
driving ability was assessed during an on-road evaluation conducted by an occupational 
therapist in May 2014 at the Quebec City Rehabilitation Institute (IRDPQ). During this 
test, the participant did not demonstrate the operational and tactical skills required to 
drive safely. The difficulties observed during the road test were consistent with cognitive 
sequelae observed in clinical settings. These seemed to cause functional impainnents 
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interfering with her driving performance. Considering the deficiencies observed during 
the on-road assessment, the lack of improvement during training sessions and integration 
difficulties of the basics of driving, the improvement potential was estimated as low. 
Therefore, no other subsequent road test was envisaged by the IRDPQ. 
In-simulator driving rehabilitation presents a prOlTIlSmg method to improve 
driving skills after TBI (Cox et al. , 2010; Garnache et al. , 2011). The aim ofthis study is 
to evaluate the effectiveness of an in-simulator training program with automated 




A 20-years-old woman was recruited at the Quebec City Rehabilitation Institute 
(IRDPQ) after failing the on-road evaluation assessing her fitness to drive in order to 
reobtain her driving license. The participant underwent Il in-sÏmulator training sessions 
(over a 5-week period) with driving specific automated feedbacks on the driving 
performance issued while driving. An initial and a final in-simulator driving assessment 
were performed before and after the in-simulator driving rehabilitation training. 
Feedbacks weren't audible during the simulation-based evaluations. In order to avoid 
sÏmulators sickness, a 15 min in-simulator straight long-course was conducted before aIl 
simulation sessions. Driving training and assessment scenario (27.5 km) integrate 19.6 
km of rural and 7.9 km of urban sections. Course includes similar operations to those 
carried out on the road as lane change, intersection stop signs, traffic lights, turns and 
overtaking. She was asked to follow Québec' s Highway safety code (R.S.Q, Chapter c-
24.2) . 
Automated auditory driving specific feedbacks were issued while driving 
according to the foIlowing criteria: 1) exceeding a speed of 10 kmIh ab ove the speed limit 
and 2) maintaining lateral vehicle position of more than 15 % of the lane width to the left 
or the right of the center of the lane (ie. tires less than 15 cm from the nearest line) for 
more than 5 sec. Another warning was sent every ten seconds until the vehicle speed or 
lateral position decreased under these thresholds. Driving performance represented by 
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simulation duration, speed regulation and lateral positioning was measured in the driving 
simulator. 
Material 
Driving simulation was conducted on a fixed-based open-cab simulator which consists of 
an instrumented sedan (brake and accelerator pedals, steering and automatic 
transmission). STISIM Drive 3.0 (System Technology Inc., Hawthorne, USA) software 
displayed image of the driving scene on a 1.2 m high by 1.6 m wide fiat screen using a 
projector Hitachi CPX8 which provides a 40° horizontal by 30° vertical field ofview and 
recorded the driver' s performance. Auditory driving stimuli and automated feedbacks 
were displayed by a digital input/output board (Computer Measurement PCI-DOI24) 
through apiezo-electric speaker (100ms, 1.5kHz). 
Data analysis 
Data analysis was conducted on the initial and [mal assessment sessions and on 
training sessions one to three and nine to eleven. Mean and standard deviation are 
presented in order to simplify training sessions' results. These were selected in order to 
analyse the effects of training and need for feedbacks on driving performance. Basic 
simulator data of speed and vehicle lateral position were used to evaluate driving 
performance (Classen & Brooks, 2014; Hoffman & McDowd, 2010). Exceeding a speed 
of 10 kmIh above and be10w the speed limit was considered as a speed regulation error. 
Lateral positioning error was define by maintaining lateral vehicle position of more than 
15 % of the lane width to the left or the right of the center of the lane (ie. tires less than 
15 cm from the nearest line). Considering the single-case nature of the data collection, 
86 
descriptive statistics about duration of the simulation, speed regulation and lateral 
positioning are presented. Speed regulation error and lateral positioning error are 




Initial assessment was completed in 35.15 min. On average, the time to complete 
the scenario was stable in the first three (36.00 ± 0.44 min) and last three (37.33 ± 0.64 
min) in-simulator trainings. The participant completed fmal assessment in 32.63 min. 
The participant drove 1.26 min (3 .58 %) over the speed limit (> 10 kmIh) during 
initial assessment. This decreased during training sessions from 1.50 ± 0.80 min (4.17 ± 
2.23 %) to 0.45 ± 0.15 min (1.20 ± 0.42 %). Upon removal of feedbacks for the final 
assessment, speeding went back to the initial duration (1.31 min, 4.00 %). Even if, no 
feedbacks regarding speed below speed limit was issued during training, we measured the 
time during which the participant was driving lessthan 10 kmIh below speed limit. After 
removing mandatory stops and red light intersections, time spent driving too slowly 
initiallyat 10.56 min (30.04 %) increased when initiating feedback at 13.92 ± 2.39 min 
(38.63 ± 6.15 %) for the tree first training sessions and 15.95 ± 2.59 min (42.65 ± 6.26 
%) on sessions nine to eleven. Time spent driving too slowly decreased greatly during the 
final evaluation (6.18 min, 18.94 %). Speed regulation results are presented in Figure 4. 
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limit (%) 20 
Initial assessment 1-3 Session 9-11 Final assessment 
Proportion of over speeding duration relative to the simulation duration (%) in function of session (top panel). 
Proportion of slow driving relative to the simulation duration (%) in function of session (lower panel). 
The maintenance of the vehicle lateral position m more than one standard 
deviation to the left or the right of the center of the lane was considered as a driving error. 
She spent 18.85 min (53 .61 %) in an incorrect lateral position situation in initial 
assessment. On the initiation of feedbacks, time spent in an improper lane positioning 
decreased and was maintained over time for training sessions one to three (5 .83 ± 1.84 
min, 16.23 ± 5.25 %), nine to eleven (2.37 ± 0.66 min, 6.34 ± 1.70 %) and on [mal 
assessment without feedback (1.51 min, 4.64 %). These results are presented in Figure 5. 
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Figure 5: Proportion of incorrect lateral positioning' s duration 
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Initial assessment 1-3 9-11 Final assessment 
Session 
Proportion of incorrect lateral positioning' s duration relative to the simulation duration (%) in function of session. 
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Discussion 
The objective was to report the driving adaptations following of an in-simulator 
driving rehabilitation training pro gram with automated feedback on driving performance 
in TBl individual. Improvement in speed regulation and lateral positioning were observed 
through the in-simulator training sessions. 
The participant responded to specific auditory feedbacks at training by reducing 
speeding error duration. However, this adaptation was not maintained after removing 
feedback. In general, the participant was driving too slowly during training. On the other 
side, time to complete the scenario was shorter on [mal assessment which represents a 
higher overall speed without impacts on speeding duration. This may indicate that 
participant was more attentive to speed regulation after the in-simulator training program. 
We have to consider that the participant aimed to regain her driving li cense. Therefore, 
she had to obtain an evaluation certifying her functional capacity for driving. Before the 
in-simulator [mal assessment, the participant had access to an on-road learning session 
thru the lRDPQ driving rehabilitation pro gram during which the driving instructor told 
her that she was driving too slowly. This may impacted her driving behavior and may 
explain higher overall speed on final assessment. Lateral positioning improved greatly 
with training and maintained after feedback removal. This indicated that the introduction 
of real-time feedback emission impacted this specific driving behavior. 
To our knowledge, orny two other studies aimed to rehabilitate fitness to drive in 
TB! drivers using in-simulator training pro gram. Our results are consistent with those of 
Cox et al. (2010) and Garnache et al. (2011) which demonstrated improvements of 
91 
driving skills such as lateral positioning, speed regulation, steering through turns and 
brake control following an in-sirnulator rehabilitation training. Thru this article, we 
dernonstrated that autornated auditory driving specific feedbacks rnay be beneficial when 
issued while driving during an in-sirnulator training. In-simulator driving performance 
seerns to be improved by training. Participant's dependence to feedbacks and transfer of 
driving irnprovernents to on-road driving task rernain unclear. At the end of this study, 
her functional capacity for driving was assessed by an on-road driving evaluation 
conducted by an occupational therapist (Michon, 1985). The occupational therapist 
concluded that, in cornparison with the previous on-road test conducted in May, the 
participant presented improved operational skills. Although sorne tactical skills 
irnprovernents were observed, anticipation, situation analysis, planning, attention and 
vigilance were not compatible with safety aspect of driving. The participant dernonstrated 
appropriate operational skills but not tactical skills that allow her to drive in cornpliance 
with road safety. Therefore, her Learner's License - Passenger Vehicle (Class 5) was not 
renewed. Several studies dernonstrated that novice drivers show a wide range of driving 
deficits when cornpared to experience drivers (Borowsky & Oron-Gilad, 2013; Chan et 
al. , 2010; Chaprnan & Underwood, 1998; Durbin et al. , 2014; Fisher et al. , 2002; 
Laapotti, Keskinen, Hatakka, & Katila, 2001; Lehtonen, Lappi, Koirikivi, & Summala, 
2014; McKnight & McKnight, 2003; Parmet, Borowsky, Yona, & Oron-Gilad, 2015; 
Ross et al. , 2014; Scialfa et al. , 2012; Scott, Hall, Litchfield, & Westwood, 2013 ; 
Underwood, 2013). Moreover, novice drivers rnay successfully develop basics 
operational driving skills thru training without develop tactical skills required to safety 
driving (Durbin et al. , 2014; Groeger & Banks, 2007; Laapotti et al. , 2001). Therefore, 
92 
although deficits observed during the on-road assessment have been attributed to post-
traumatic sequelae, contribution of participant's driving experience in driving dysfunction 
should be considered. Further, our in-simulator specific feedbacks focused on operational 
skills thru an unique training scenario with limited range of challenging situations on a 
short period and cou Id be insufficient to improve tactical skills. 
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Conclusion 
This pilot study shows that a TBI individual responded positively to feedback 
during an in-simulator driving rehabilitation training program. The participant' s 
dependence to feedbacks and transfer of driving improvements to on-road driving task 
remain unclear. Following the intervention, her Learner's License - Passenger Vehicle 
(Class 5) was not renewed. Since TBI causes functional deficits that may affect ability to 
drive, it is imperative to develop effective rehabilitation method. In-simulator driving 
rehabilitation training may represent an interesting therapeutic avenue. Although an 
insufficient number of studies have investigated the potential of driving rehabilitation, 
considerable research efforts are needed to confirm the effectiveness of this method in 
driving rehabilitation ofTBI individuals. 
94 
DISCUSSION GÉNÉRALE 
Suite à un TCC, la plasticité du cerveau pourrait répondre à différents types 
d'entraînements spécifiques ayant un impact positif sur les déficits induits par le trauma 
tel que présenté dans le contexte de ce mémoire de maîtrise. Ainsi, la stimulation 
spécifique de certaines voies neuronales pourrait promouvoir la réadaptation 
postcommotionnelle en particulier des fonctions cognitive et motrices en favorisant la 
neuroplasticité (Bach-y-Rita, 2003; Kozlowski, Leasure, & Schallert, 2013; Tomaszczyk 
et al. , 2014; Villamar, Santos Portilla, Fregni, & Zafonte, 2012). Des évidences montrent 
que l' entraînement incluant l' apprentissage de nouvelles compétences induit un 
changement spécifique dans les zones motrices du cortex cérébral (Villamar et al., 2012). 
Ceci explique le rationnel derrière l' intégration d' exercices de coordination et d'équilibre 
au programme de réadaptation présentés dans le chapitre 2 et l' entraînement de la 
capacité de conduire sur simulateur présenté dans le chapitre 3. Finalement, des études 
menées chez l' animal ont démontré que l' entrainement aérobie pourrait promouvoir la 
neuroplasticité (Archer et al. , 2012; Griesbach, 2011 ; Griesbach, Gomez-Pinilla, et al., 
2004; Griesbach, Hovda, & Gomez-Pinilla, 2009; Griesbach, Hovda, et al., 2004). Ce 
mémoire met aussi en évidence l' amélioration des signes et symptômes en réponse à un 
entraînement de type aérobie chez des enfants et adolescents qui récupèrent de manière 
atypique suite à un TCCL. Il a récemment été postulé qu ' une atteinte de la fonction 
vasculaire cérébrale (plus particulièrement de l' autorégulation cérébrale et de la réactivité 
vasculaire au dioxyde de carbone) pourrait contribuer en partie à la présence des 
symptômes postcommotionnels tels l' altération des fonctions cognitives, les céphalées, 
les vertiges, etc. (Amonette & Mossberg, 2013 ; Bailey et al. , 2013; Clausen, Pendergast, 
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Willer, & Leddy, 2015 ; Conder & Conder, 2014; Gardner et aL , 2014; Kenney et aL , 
2015; Len & Neary, 2011 ; Len et aL, 2013; Meier et aL , 2015; Sours, Zhuo, Roys, 
Shanmuganathan, & Gullapalli, 2015; Svaldi et aL , 2015; Tan, Meehan, Iverson, & 
Taylor, 2014b). Dans ce sens, la présence d' une dysfonction vasculaire cérébrale pourrait 
contribuer à la chronicité ou persistance des symptômes post-traumatiques et à 
l' intolérance à l' effort suite à un TCCL (Clausen et aL, 2015). Cependant, le rôle de la 
fonction vasculaire cérébrale, caractérisée de manière intégrée par l' autorégulation 
cérébrale, la réactivité des vaisseaux cérébraux au CO2 et le couplage neurovasculaire, 
chez les sujets qui récupèrent de manière atypique suivant un TCCL n'a été exploré que 
brièvement à notre connaissance. L'entrainement de type aérobie pourrait permettre de 
réduire la dysfonction vasculaire cérébrale des sujets ayant subi un TCCL par 
l' amélioration de l' autorégulation cérébrale (Amonette & Mossberg, 2013 ; Baker et aL, 
2012; Conder & Conder, 2014). Ceci pourrait expliquer l' amélioration des symptômes 
suite à un entrainement comportant une activité de type cardiovasculaire tel que décrit 
dans le chapitre 2. Les résultats de ce programme de réadaptation sont semblables à ceux 
observés chez l' adulte (Leddy et aL , 2013; Leddy et aL , 2010) et chez les jeunes (Gagnon 
et aL, 2009; Gagnon et aL , 2015) lors de programmes de réadaptation similaires. 
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CONCLUSION GÉNÉRALE 
Le traumatisme craniocérébral représente un défi pour la communauté médicale 
considérant la constellation des déficits et des symptômes que crée cette atteinte. La 
réadaptation des individus ne récupérant pas complètement des suites d ' un TCC est mal 
documentée. Plusieurs études sont requises pour comprendre les phénomènes qui limitent 
la récupération suivant le TCC. De plus, l' élaboration de guide de traitement pour la 
population qui ne récupère pas complètement à la suite d' un TCC est requise. Il est 
urgent de concevoir et d'évaluer les interventions qui sont basées sur des données 
probantes cliniquement réalisables et écologiquement valables chez la population 
pédiatrique. De même, il est impératif de trouver des méthodes d ' évaluation et de 
réadaptation sécuritaires des habiletés de conduite dans la population ayant subi un TCC. 
Il semble que l' entraînement spécifique est une avenue thérapeutique intéressante 
permettent la récupération chez les individus ayant subi un TCC. Le projet de maîtrise 
présenté démontre que l' entraînement physique progressif pourrait représenter un atout 
important lors de la réadaptation des jeunes qui récupèrent de manière atypique suivant 
un TCCL et aurait un effet positif sur l' importance des symptômes post-commotionnels 
auto-rapportés. Dans le même ordre d ' idée, l' entraînement spécifique des habiletés de 
conduite sur simulateur représente une avenue prometteuse lors de la réadaptation des 
capacités de conduite chez les personnes ayant subi un TCC. Dans ce sens, 
l' entraînement, le point commun des études réalisées dans le cadre de ce projet de 
maîtrise, est un élément clé de la réadaptation des sujets ayant subi un TCC. Puisque ces 
projets sont inspirés des activités cliniques, ceux-ci ont le potentiel d' influencer la 
pratique et la recherche en traumatologie. 
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